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FOREWORD 


When  Thomas  A.  Jaggar  established  the  Hawaiian  Volcano  Observatory  (HVO)  in 
1912,  he  could  not  have  imagined  the  extent  to  which  his  pioneering  studies  would  expand  in 
the  noit  75  years.  He  demonstrated  great  foresight  in  setting  two  major  research  goals  for  the 
observatory:  (I)  the  conduct  of  systematic,  scientific  studies  to  understand  more  about  volcanic 
processes,  both  during  and  between  eruptions;  and  (2)  the  practical  application  of  research 
results  for  mitigating  hazards — the  forecast  of  impending  eruptions  and  paths  of  destructive 
lava  flows  and  the  evaluation  of  all  other  types  of  volcanic  hazard.  The  results  of  studies  by 
HVO  staff  and  other  scientists  have  been  shared  with  the  National  Park  Service  since  1917, 
when  Hawaii  National  Park  was  created  by  Congress,  and  I want  to  emphasize  that  the 
cooperation  and  support  of  the  Park  Service  over  the  ensuing  years  have  been  exceptionally 
helpful  for  our  scientific  work  and  for  the  benefit  of  the  public. 

During  these  75  years  following  the  founding  of  HVO,  scientists  have  pursued  Jaggar  s 
original  goals  with  great  success.  In  addition  to  developing  volcano- monitoring  techniques  now 
used  worldwide,  the  observatory  also  has  served  as  a training  center  for  volcanologists  from 
many  countries,  as  well  as  for  the  postgraduate  training  of  a great  number  and  variety  of 
USGS  scientists,  myself  included.  The  lessons  learned  at  HVO  became  especially  valuable 
when  Mount  St.  Helens  erupted  catastrophically  in  I960,  and  our  cadre  of  HVO  staffers 
past  and  present  were  able  to  provide  monitoring  and  forecasting  information  for  that  volcano, 
resulting  in  the  saving  of  many  lives. 

The  papers  in  this  volume  reflect  the  greatly  improved  understanding  of  the  behavior  of 
Kilauea  and  Mauna  Loa  Volcanoes  that  has  been  developed  since  the  early  studies  in  Hawaii. 
The  structure  and  tectonic  setting  of  the  volcanoes,  the  physical  and  chemical  properties  of  the 
eruptive  products,  and  the  history  of  eruptive  activity  over  the  past  several  thousand  years  have 
all  been  investigated  in  great  detail,  and  the  results  are  summarized  in  this  book.  These 
volcanoes  have  served  as  unique  natural  laboratories  for  the  study  of  volcanic  phenomena  and 
the  development  of  new  monitoring  instruments,  and  the  new  methods  and  instruments  in  time 
became  standards  for  monitoring  in  most  other  observatories  around  the  world.  The  use  of 
sophisticated  instruments  led  to  dramatic  improvements  in  our  ability  to  forecast  the  activity  of 
Kilauea  and  Mauna  Loa  over  the  past  75  years.  In  particular,  our  ability  to  precisely  monitor 
inflation -deflation  cycles,  the  location  of  magma -generated  microearthquakes,  and  volcanic 
tremor  has  moved  from  the  subjective,  intuitive  stage  to  the  level  of  being  a science  in  itself.  In 
recent  decades,  new  technology  for  laser  distance  measuring,  real-time  analysis  of  telemetered 
seismic  signals,  and  volcanic-gas  analysis  have  greatly  improved  our  forecasting  capability. 
Currently  we  are  pursuing  new  applications  of  computers  to  all  the  problems  of  volcano 
monitoring,  including  the  generation  of  three-dimensional  models  of  the  volcanic  “plumbing 
systems"  for  Kilauea  and  Mauna  Loa. 

All  these  exciting  scientific  accomplishments,  though  nourished  by  improved  technology, 
have  in  fact  been  linked  by  a continuing  thread  of  human  ingenuity  and  dedication  to  science 
such  as  characterized  the  earliest  work  of  Thomas  Jaggar.  His  achievements  and  those  of  the 
people  who  succeeded  him  demonstrate  the  critical  importance  of  individual  imagination  and 
creativity  in  earth-science  research.  I take  great  pride  and  personal  pleasure  in  presenting  these 
results  of  75  years  of  research  in  Hawaiian  volcanism  to  the  scientific  community  and  the 
public. 

Dallas  L.  Peck 

Director , U.S.  Geological  Survey 
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PREFACE 


“Stones  rot;  only  the  chants  remain.”  This  ancient  Polynesian  saying  reflects  the  rapid 
changes  that  occur  on  volcanic  islands.  Young  lava  flows  are  soon  covered  by  lush  vegetation, 
and  only  the  stories  of  their  eruption,  passed  from  generation  to  generation,  survive.  This 
collection  of  articles  on  Hawaiian  volcanism  commemorating  the  75th  anniversary  of  the 
Hawaiian  Volcano  Observatory  is  a chant  to  future  generations.  Much  has  been  learned  in 
these  past  75  years,  but  much  more  is  still  to  be  discovered. 

Scientific  literature  serves  at  least  two  purposes.  From  the  standpoint  of  data  it  is,  or 
should  be,  an  archive  of  the  truth.  The  data  in  these  volumes  are  as  close  to  the  truth  as  is 
humanly  possible.  Interpretation  of  the  data  is  another  matter,  and  from  this  standpoint 
scientific  literature  should  be  a forum  for  debate.  Readers  of  chapter  I , part  I,  and  chapter  2 
will  discover  that  the  authors  reach  different  interpretations  concerning  the  volume  and 
propagation  rates  of  Hawaiian  volcanism  during  the  past  few  million  years.  These  authors  base 
their  respective  conclusions  largely  on  the  same  data.  Eventually,  additional  data,  strength  of 
arguments,  and  the  consideration  and  consensus  of  the  readers  may  lead  to  acceptance  of  some 
interpretations  and  rejection  of  others.  That  is  something  for  the  scientific  community,  not  the 
editors,  to  decide. 

The  staff  and  guest  investigators  at  the  Hawaiian  Volcano  Observatory  over  the  past  75 
years  haw  represented  many  diverse  scientific  disciplines  and  backgrounds.  There  is  great 
strength  in  this  diversity.  Working  closely  together  on  common  problems,  geologists,  geo- 
chemists, geophysicists,  biologists,  oceanographers,  meteorologists,  and  general  scientific 
practitioners  have  learned  a great  deal  about  Hawaiian  volcanoes  as  well  as  about  the  scientific 
methods  of  their  colleagues.  The  whole  has  greatly  exceeded  the  sum  of  the  parts.  Close 
cooperation  among  scientists  with  different  backgrounds  has  led  to  conceptual  models  of 
volcanism  that  satisfy  not  only  the  geologic  and  geophysical  field  observations,  but  also  the 
theoretical  constraints  of  thermodynamics  and  rock  mechanics. 

The  scope  of  articles  in  these  volumes,  and  the  many  publications  by  guest  investigators  at 
the  observatory  during  recent  years,  reflect  the  view  that  volcanoes  can  best  be  studied  from  a 
multidisciplinary  approach.  We  hope  that  seismologists  will  read  the  chapters  on  Hawaiian 
petrology  and  volcanic  gases  and  that,  in  turn,  gas  geochemists  will  read  about  the  distribution 
and  causes  of  earthquakes  beneath  the  Island  of  Hawaii.  The  Hawaiian  Volcano  Observatory 
has  made  important  gains  in  the  cross-fertilization  of  science  in  the  past,  and  as  science  becomes 
more  and  more  specialized  in  the  future,  this  role  will  become  even  more  important. 

Most  place  names  in  the  Hawaiian  Islands,  and  several  geographical  and  descriptive 
terms  used  in  volcanology,  derive  from  the  Hawaiian  language.  In  the  standard  written  form  of 
that  language,  diacritical  marks  are  used;  these  diacritical  marks  not  only  indicate  the 
pronunciation,  but  in  many  cases  are  essential  to  distinguish  between  otherwise  similar  words  of 
different  meanings.  However,  the  volcanological  terms  of  Hawaiian  origin  (such  as  “aa"  and 
“pahoehoe")  are  spelled  in  the  English  language  without  the  diacritical  marks,  and  the  Board 
on  Geographic  Names  in  Washington,  whose  rulings  the  USGS  follows,  does  not  recognize 
such  marks  for  Hawaiian  place  names.  Hence  no  diacritical  marks  are  used  on  Hawaiian 
words  in  the  chapters  of  the  present  work.  In  order  to  acquaint  those  interested  with  the 
original  Hawaiian  spelling  and  pronunciation  of  these  words,  however,  a pronunciation  guide 
for  Hawaiian  words  is  included  at  the  end  of  volume  2. 

A work  of  the  scale  and  complexity  of  the  present  one,  compiled  and  produced  with  the 
aim  of  meeting  short  time  deadlines,  is  clearly  the  product  of  many  willing  and  skilled  hands, 
from  the  authors  to  the  printers.  In  the  USGS  Branch  of  Western  Technical  Reports,  special 
contributions  were  made  by  Derrick  Hirsch  in  editing,  Jeff  Troll  in  coordination  and  layout, 
Jim  Pinkerton  in  overseeing  the  editing  of  figures,  and  Al  Earnest  and  the  entire  drafting  staff 
in  preparing  the  hundreds  of  illustrations.  The  cooperation  of  the  Branch  of  Eastern  Technical 
Reports  in  helping  prepare  illustrations  for  certain  chapters  is  also  appreciated. 

These  volumes,  readers,  may  be  chants,  but  they  are  also  intended  to  be  steppingstones. 
The  trail  is  yours. 

Robert  W.  Decker,  Thomas  L.  Wright,  and  Peter  H.  Stauffer 
Editors 
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PHYSIOGRAPHY,  TECTONICS,  AND  SUBMARINE  GEOLOGY 


The  Hawaiian- F.mpcror  volcanic  chain  is  a dogleg  ridge, 
largely  submarine,  that  stretches  nearly  6,000  km  across  the  floor 
of  the  north  Pacific  Ocean.  At  the  southeast  end  is  the  Island  of 
Hawaii:  from  there  it  extends  northwestward  along  the  Hawaiian 
Ridge  to  a major  bend  beyond  Kure  Atoll.  North  of  the  bend 
the  chain  continues  as  the  submarine  ridge  of  the  Fjnperor 
Seamounts.  Volcanoes  are  active  at  the  southeast  end  of  the  chain 
and  become  progressively  older  northwestward,  reaching  ages  of 
75-80  Ma  at  the  north  end  of  the  Emperor  Seamounts. 

Nearly  all  of  this  volcanic  chain,  with  an  estimated  total 
area  of  1.2  million  km2,  lies  under  water.  Only  the  Hawaiian 
Islands  and  a few  atolls  of  the  Hawaiian  Ridge,  totaling  some 
16,878  km2,  rise  above  the  ocean  surface.  Understandably,  the 
chain  has  been  explored  largely  by  oceanographers.  However, 
because  many  of  the  seamounts  are  similar  to  the  island  volcanoes 
of  Hawaii,  much  has  been  learned  by  comparative  studies. 

The  six  chapters  in  this  section  deal  with  the  origin  and 
evolution  of  the  Hawaiian- Emperor  volcanic  chain  and  the 
submarine  geology  of  the  Hawaiian  Ridge.  Fhey  begin  with 
considering  the  entire  chain  and  narrow  down  to  the  undersea 
summit  of  Loihi  Volcano  off  the  southeast  coast  of  the  Island  of 
Hawaii. 


VOLCANISM  IN  HAWAII 

Chapter  I 


THE  HAWAIIAN-EMPEROR  VOLCANIC  CHAIN 

Part  I 

Geologic  Evolution 

By  David  A.  Clague  and  G.  Brent  Dalrymple 


ABSTRACT 

The  Hawaiian- Emperor  volcanic  chain  stretches  nearly 
6,000  Icm  across  the  North  Pacific  Ocean  and  consists  of  at  least 
107  individual  volcanoes  with  a total  volume  of  about  1 million 
km3.  The  chain  is  age  progressive  with  still-active  volcanoes  at 
the  southeast  end  and  80-  75-Ma  volcanoes  at  the  northwest 
end.  The  bend  between  the  Hawaiian  and  Emperor  Chains 
reflects  a mayor  change  in  Pacific  plate  motion  at  43.1  ±1.4  Ma 
and  probably  was  caused  by  collision  of  the  Indian  subcontinent 
into  Eurasia  and  the  resulting  reorganization  of  oceanic  spread- 
ing centers  and  initiation  of  subduction  zones  in  the  western 
Pacific.  The  volcanoes  of  the  chain  were  erupted  onto  the  floor 
of  the  Pacific  Ocean  without  regard  for  the  age  or  preexisting 
structure  of  the  ocean  crust. 

Hawaiian  volcanoes  erupt  lava  of  distinct  chemical  com- 
positions during  four  m^jor  stages  in  their  evolution  and 
growth.  The  earliest  stage  is  a submarine  alkalic  preshield 
stage,  which  is  followed  by  the  tholeiitic  shield  stage.  The  shield 
stage  probably  accounts  for  >95  percent  of  the  volume  of  each 
volcano.  The  shield  stage  is  followed  by  an  alkalic  postshield 
stage  during  which  a thin  cap  of  alkalic  basalt  and  associated 
differentiated  lava  covers  the  tholeiitic  shield.  After  several 
million  years  of  erosion,  alkalic  rejuvenated -stage  lava  erupts 
from  isolated  vents.  An  individual  volcano  may  become  extinct 
before  the  sequence  is  complete.  The  alkalic  preshield  stage  is 
only  known  from  recent  study  of  Loihi  Seamount.  Lava  from 
later  eruptive  stages  has  been  identified  from  numerous  sub- 
merged volcanoes  located  west  of  the  principal  Hawaiian 
Islands. 

Volcanic  propagation  rates  along  the  chain  are  9.2  ± 0.3  cm/ 
yr  for  the  Hawaiian  Chain  and  7.2  ±1.1  cm/yr  for  the  Emperor 
Chain.  A best  fit  through  all  the  age  data  for  both  chains  gives 
8.6  ±0.2  cm/yr.  Alkalic  rejuvenated- stage  lava  erupts  on  an 
older  shield  during  the  formation  of  a new  large  shield  volcano 
1 90  ± 30  km  to  the  east.  The  duration  of  the  quiescent  period 
preceding  eruption  of  rejuvenated-stage  lava  decreases  system- 
atically from  2.5  m.y.  on  Niihau  to  <0.4  m.y.  at  Haleakala, 
reflecting  an  increase  in  the  rate  of  volcanic  propagation  during 
the  last  few  million  years.  Rejuvenated-stage  lava  is  generated 
during  the  rapid  change  from  subsidence  to  uplift  as  the  vol- 
canoes override  a flexural  arch  created  by  loading  the  new 
shield  volcano  on  the  ocean  lithosphere. 

Paleomagnetic  data  indicate  that  the  Hawaiian  hot  spot  has 
remained  fixed  during  the  last  40  m.y.,  but  prior  to  that  time  the 
hot  spot  was  apparently  located  at  a more  northerly  latitude. 
The  most  reliable  data  suggest  about  7"  of  southward  movement 
of  the  hot  spot  between  65  and  40  Ma. 

The  numerous  hypotheses  to  explain  the  mechanism  of  the 
hot  spot  fall  into  four  types:  propagating  fracture  hypotheses, 
thermal  or  chemical  convection  hypotheses,  shear  melting 
hypotheses,  and  heat  injection  hypotheses.  A successful 
hypothesis  must  explain  the  propagation  of  volcanism  along  the 


chain,  the  near-fixity  of  the  hot  spot,  the  chemistry  and  timing  of 
the  eruptions  from  individual  volcanoes,  and  the  detailed  geom- 
etry of  volcanism.  None  of  the  geophysical  hypotheses  pro- 
posed to  date  are  fully  satisfactory.  However,  the  existence  of 
the  Hawaiian  swell  suggests  that  hot  spots  are  indeed  hot.  In 
addition,  both  geophysical  and  geochemical  hypotheses  suggest 
that  primitive  undegassed  mantle  material  ascends  beneath 
Hawaii.  FVtrologic  models  suggest  that  this  primitive  material 
reacts  with  the  ocean  lithosphere  to  produce  the  compositional 
range  of  Hawaiian  lava. 

INTRODUCTION 

The  Hawaiian  Islands;  the  seamounts,  banks,  and  islands  of 
the  Hawaiian  Ridge;  and  the  chain  of  Emperor  Seamounts  form  an 
array  of  shield  volcanoes  that  stretches  nearly  6,000  km  across  the 
north  F^cific  Ocean  (fig.  1 . 1 X This  unique  geologic  feature  consists 
of  more  than  107  individual  volcanoes  with  a combined  volume 
slightly  greater  than  I million  km3  (Bargar  and  Jackson,  1974)  The 
chain  is  age  progress ve  with  still -active  volcanoes  at  the  southeast 
end  whereas  those  at  the  northwest  end  have  ages  of  about  75-80 
Ma.  The  vokanic  ridge  is  surrounded  by  a symmetrical  depression, 
the  Hawaiian  Deep,  as  much  as  0.7  km  deeper  than  the  adjacent 
ocean  floor  (Hamilton,  1957)  The  Hawaiian  Deep  is  in  turn 
surrounded  by  the  broad  Hawaiian  Arch. 

At  the  southeast  end  of  the  chain  lie  the  eight  principal 
Hawaiian  Islands.  Race  names  for  the  islands  and  seamounts  in  the 
chain  are  shown  in  figure  l.l  (see  also  table  1.2).  The  Island  of 
Hawaii  includes  the  active  vokanoes  of  Mauna  Loa,  which  erupted 
in  1984,  and  Kilauea,  which  erupted  in  1986.  Loihi  Seamount, 
located  about  30  km  off  the  southeast  coast  of  Hawaii,  is  also  active 
and  considered  to  be  an  embryonic  Hawaiian  volcano  (Malahoff, 
chapter  6;  Moore  and  others,  1979,  1982)  Hualalai  Volcano  on 
Hawaii  and  Haleakala  Volcano  on  Maui  have  erupted  in  historical 
times.  Between  Niihau  and  Kure  Island  only  a few  of  the  volcanoes 
rise  above  the  sea  as  small  volcanic  islets  and  coral  atolls.  Beyond 
Kure  the  volcanoes  are  entirely  submerged  beneath  the  sea. 
Approximately  3,450  km  northwest  of  Kilauea.  the  Hawaiian 
Chain  bends  sharply  to  the  north  and  becomes  the  Emperor 
Seamounts,  which  continue  northward  another  2,300  km. 

It  is  now  clear  that  this  remarkable  feature  was  formed  during 
the  past  70  m.y.  or  so  as  the  Pacific  lithospheric  plate  moved  north 
and  then  west  relative  to  a melting  anomaly,  called  the  Hawaiian  hot 
spot,  located  in  the  asthenosphere.  According  to  this  hot-spot 
hypothesis,  a trail  of  volcanoes  was  formed  and  left  on  the  ocean 
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-Balhymrtry  of  Hawaiian  Emperor  volcanic  chain  modified  from  Chase  and  other*  1 1 970).  Contours  at  I km  and  2- km  depths  shown  in  area  of  the  cham 
only.  Inset  shows  location  of  chain  (outlined  by  2-km  depth  contour)  in  central  North  Rsahc. 


floor  as  each  volcano  was  progressively  cut  off  from  its  source  of  lava 
and  a new  volcano  was  born  behind  it. 

Wilson  (1963a.  c)  was  the  first  to  propose  that  the  Hawaiian 
Islands  and  other  parallel  volcanic  chains  in  the  Pacific  were  formed 
by  movement  of  the  sea  floor  over  sources  of  lava  in  the 
asthenosphere.  Although  the  Emperor  Chain  was  recognized  as  a 
northward  continuation  of  the  Hawaiian  Chain  by  Bezrukov  and 
Udintscv  (1955)  shortly  after  the  Emperor  Seamounts  were  first 
described  by  Tayama  (1952)  and  Dietz  (I954X  Wilson  confined  his 
hypothesis  to  the  volcanoes  of  the  Hawaiian  Islands  and  the 


Hawaiian  Ridge.  Christofferson  (1968),  who  also  coined  the  term 
“hot  spot,"  extended  Wilsons  idea  to  include  the  Emperor  Sea- 
mounts and  suggested  that  the  Hawaiian- Emperor  bend  represents  a 
major  change  in  the  direction  of  sea-floor  spreading  from  northward 
to  westward.  Morgan  (1972a.  b)  proposed  that  the  Hawaiian  and 
other  hot  spots  are  thermal  plumes  of  material  rising  from  the  deep 
mantle  and  that  the  worldwide  system  of  hot  spots  constitutes  a 
reference  frame  that  is  fixed  relative  to  Earths  spin  axis. 

Although  experimental  testing  of  the  various  hypotheses  pro- 
posed to  ©(plain  hot  spots  has  so  far  proven  unproductive,  the  hot- 
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spot  hypothesis  has  several  important  corollaries  that  can  and  have 
been  tested  to  varying  degrees.  Foremost  among  these  is  that  the 
volcanoes  should  become  progressively  older  to  the  west  and  north 
as  a function  of  distance  from  the  hot  spot.  This  progressive  aging 
should  be  measurable  with  radiometric  methods  and  also  should  be 
evident  in  the  degree  of  erosion,  subsidence,  and  geological  evolution 
of  the  volcanoes  along  the  chain.  A second  important  corollary  is 
that  the  latitude  of  formation  of  the  volcanoes,  as  recorded  in  the 
magnetization  of  their  lava  flows,  should  reflect  the  present  latitude  of 
the  hot  spot  rather  than  the  present  latitude  of  the  volcanoes.  Third, 
because  the  active  mechanism  is  beneath  the  lithosphere,  the 
Hawaiian -Emperor  Chain  should  show  no  relation  to  the  structure  of 
the  sea  floor.  Finally,  the  volcanic  rocks  of  the  volcanoes  should  be 
similar  in  both  chemistry  and  sequence  of  eruption  for  each  volcano 
along  the  chain,  or  should  change  in  a systematic  and  coherent  way. 

In  this  paper  we  describe  the  Hawaiian  Emperor  volcanic 
chain  and  those  individual  volcanoes  that  have  been  sampled  and 
studied.  We  review  the  evidence  that  indicates  that  all  of  the 
corollaries  mentioned  above  are  true  and,  therefore,  that  the  hot-spot 
hypothesis  is  a viable  explanation  of  the  origin  of  the  chain.  We  will 
also  describe  the  various  hypotheses  that  have  been  proposed  to 
aplain  the  hot-spot  mechanism  and  discuss  their  strengths  and 
weaknesses. 
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STRUCTURE  AND  AGE  OF  THE  UNDERLYING 
CRUST 

The  volcanoes  of  the  Hawaiian-Emperor  Chain  were  formed 
by  eruption  of  lava  onto  the  floor  of  the  Pacific  Ocean  without 
regard  for  the  age  or  preexisting  structure  of  the  ocean  crust,  or  for 
the  presence  of  preexisting  volcanoes.  The  precise  age  of  the  ocean 
crust  beneath  much  of  the  chain  is  poorly  known  because  of  the 
paucity  of  magnetic  anomalies  m the  area  (fig.  1.2).  ITie  Hawaiian 
Islands  and  Ridge  east  of  about  Midway  Island  lie  on  crust  older 
than  anomaly  34  but  younger  than  anomaly  MO.  In  a general  way, 
both  the  Hawaiian  seamounts  and  the  underlying  crust  increase  in 
age  to  the  west  so  that  the  age  of  the  crust  beneath  each  volcano  at 
the  time  it  was  built  was  between  80  and  90  m.y.  (fig.  1.3) 
Volcanoes  between  Midway  and  the  I iawaiian  Emperor  bend  and 
in  the  Emperor  Seamounts  south  of  Jtngu  Seamount  are  all  built  on 
crust  whose  age  is  between  that  of  anomalies  MO  and  M3.  Because 
the  seamounts  increase  in  age  to  the  northwest  but  the  underlying 
crust  is  roughly  the  same  age,  the  age  of  the  crust  when  the  overlying 
volcano  was  built  decreases  systematically  from  about  80  m.y.  at  the 
bend  to  about  55  m.y.  at  Jmgu  Seamount.  North  of  Jmgu  Seamount 
the  age  of  the  crust  is  not  known,  but  plate  reconstructions  imply 
decreasing  crustal  ages  to  tbe  north  (Scientific  Party  DSDP  55, 
1978;  Byrne.  1979) 


Northward  from  Jmgu  Seamount,  we  estimate  that  the  crustal 
I age  at  Suiko  was  roughly  40  m.y.  and  at  the  northernmost  seamount. 

| Meiji,  was  <20  m.y.  when  those  volcanoes  formed.  If  this  extrapo- 
lation is  extended  beyond  Meiji  Seamount  to  hypothetical  seamounts 
wc  presume  existed  once  but  which  have  been  subducted  or  accreted 
in  the  Kuril  Trench,  we  conclude  that  the  Hawaiian  hot  spot  was 
located,  and  perhaps  originated,  beneath  the  Kula- Pacific  spreading 
axis  at  about  100-90  Ma. 

Preexisting  structures  in  and  on  the  underlying  crust  appear  to 
have  had  little  or  no  influence  on  the  formation  of  the  Hawaiian- 
Emperor  Chain  (fig.  1.2)  Several  fracture  zones,  including  the 
Mendocino.  Murray,  and  Molokai,  cross  the  chain,  but  none 
appears  to  have  greatly  affected  the  orientation  of  the  chain,  the  rate 
of  propagation  of  volcanism,  or  the  volume  of  eruptive  products. 

{ Likewise,  the  chain  has  overridden  at  least  one  Late  Cretaceous 
! seamount,  again  without  obviously  affecting  the  orientation,  rate  of 
propagation  of  volcanism,  or  the  volumes  of  eruptive  products 
J (Clague  and  Dalrymple,  1975) 

l 

ERUPTIVE  SEQUENCE 

i 

Hawaiian  volcanoes  erupt  lava  of  distinct  chemical  composi- 
tions during  four  different  stages  in  their  evolution  and  growth  (table 
I . I X I he  three  later  stages  are  well  studied  and  documented 
| (Steams,  1940a,  b,  c;  Macdonald  and  Katsura.  1964;  Mac- 
donald, 1968)  but  the  first  (preshield)  stage,  which  includes  the 
1 early  phase  of  the  submarine  history  of  the  volcano,  has  only  been 
, examined  recently  (Moore  and  others,  1979,  1982) 

The  tholeiitic  eruptive  stage  includes  a long  period  of  sub- 
marine eruption  that  forms  a volcanic  edifice  with  steep  slopes  and  a 
subaerial  eruptive  phase  that  forms  the  shield-shaped  volcano 
| (Peterson  and  Moore,  chapter  7)  In  this  paper  we  refer  to  this 
entire  stage  of  tholeiitic  volcanism  as  the  shield  stage.  In  the  shield 
I stage,  tholeiitic  basalt  flows  construct  the  main  volcanic  edifice  in  the 
relatively  short  span  of  perhaps  I m.y.  or  less  (Jackson  and  others. 
1972)  Wright  and  others  (1979)  independently  propose  200,000 
yr  as  the  duration  of  tholeiitic  volcanism.  Most  of  the  mass  of  an 
individual  volcano  (95-98  percent  ) is  formed  from  these  voluminous 
eruptions.  The  shield  stage  usually  includes  caldera  collapse  and 
eruption  of  caldera-filling  tholeiitic  basalt.  During  the  next  stage,  the 
alkaJic  postshield  stage,  alkalic  basalt  also  may  fill  the  caldera  and 
form  a thin  cap  of  alkaJic  basalt  and  associated  differentiated  lava 
that  covers  the  main  shield.  Hus  alkalic  lava  accounts  for  less  than  I 
percent  of  the  total  volume  of  the  volcano.  After  as  much  as  a few 
| million  years  of  volcanic  quiescence  and  erosion,  very  small  amounts 
I of  Si02-poor  lava  may  erupt  from  isolated  vents;  this  stage  is 
I commonly  called  the  posterosional  stage;  we  refer  to  it  here  as  the 
j alkalic  rejuvenated  stage.  An  individual  volcano  may  become  extinct 
before  this  eruptive  cycle  is  complete,  but  tbe  general  sequence  is 
| typical  of  the  well-studied  Hawaiian  volcanoes  (table  1 .2)  Some  of 
| these  ideas  are  more  than  half  a century  old.  Cross  (1 915)  recog- 
nized that  each  of  the  Hawaiian  volcanoes  built  a shield  of  lava, 
i comparable  to  Kilauea  flows,  during  a period  of  frequent  volu- 
minous eruptions.  He  also  noted  that  this  period  was  followed  by  a 
period  of  erosion  and  declining  activity  that  produced  cinder  cones 
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EXPLANATION 

A fl«  of  oceanic  cruel  |Ma| 


FIGURE  1.2.  — Magnetic  anomalies  and  structure  of  ocean  floor  crust  in  North  Pacific  modified  from  Hilde  and  other*  (1976)  Hawaiian  Emperor  Chain  (black) 
crosscuts  preexisting  fracture  zones  and  Mcscmok  magnet* -anomaly  sequence. 


and  small  flows  of  lava  richer  in  Si02  and  FcO  (these  are  the 
hawaiite  and  mugearite  that  characterize  the  alkalic  postshicld 
stage).  S.  Powers  (1920)  noted  that  eruptive  centers  of  nepheline 
basalt  on  Kauai,  Oahu,  Molokai,  and  Maui  were  active  long  after 
the  main  volcano  became  quiet;  he  appears  to  have  been  the  first  to 
associate  nepheline  basalt  with  late-stage  eruptions  following  an 
erosional  hiatus. 

New  insight  into  the  preshield  stage  has  come  from  recent 
studies  of  Loihi  Seamount,  a small  submarine  volcano  located  about 
30  km  off  the  southeast  coast  of  Hawaii.  Its  location,  small  size, 
seismic  activity,  and  fresh,  glassy  lava  all  indicate  that  Loihi  is  an 
active  volcano  and  the  youngest  in  the  Hawaiian- Emperor  Chain. 
Some  of  the  older  lava  samples  recovered  from  Loihi  Seamount  are 
alkalic  basalt  and  basamte.  whereas  the  youngest  lava  samples 
recovered  arc  tholeiitic  and  transitional  basalt.  This  observation  led 
Moore  and  others  (1982)  to  conclude  that  Loihi  Seamount,  and 
perhaps  all  Hawaiian  volcanoes,  initially  erupt  alkalic  basalt.  Later, 


the  bulk  of  the  shield  is  built  of  tholeiitic  basalt,  but  during  declining 
activity  the  magma  compositions  revert  to  alkalic  basalt.  The  alkalic 
preshield  stage,  like  the  alkalic  postshield  stage,  produces  only  small 
volumes  of  lava,  probably  totaling  less  than  a few  percent  of  the 
volcano. 

We  have  omitted  the  main  caldera-collapse  stage  of  Steams 
( 1966)  from  the  eruption  sequence  because  it  can  occur  either  during 
the  shield  stage  or  near  the  beginning  of  the  alkalic  postshield  stage. 
The  lava  erupted  may  therefore  be  tholeiitic  or  alkalic  basalt,  or  of 
both  types. 

GEOLOGY  OF  THE  HAWAIIAN  ISLANDS 

Descriptions  of  volcanoes  and  their  eruptions  were  made  by 
nearly  all  the  earliest  visitors  to  the  Hawaiian  Islands.  Descriptions 
of  particular  note  are  those  of  William  Fllis  ( I823X  George.  Lord 
Byron  (1826),  Joseph  Goodrich  (1826,  I834X  and  Titus  Coan 
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Figure  1.3. — Age  of  oc eonsc  cnnt  when  overlying  volcano  formed.  as  a function 
of  distance  from  Kilauea,  for  selected  volcanoes  m Hawaiian- Lmfieror  Cham. 
Note  offsets  at  fracture  zones.  Along  Hawaiian  Ridge  both  crust  and  volcanoes 
increase  in  age  to  west  so  crustal  age  when  volcanoes  formed  b roughly  constant. 
On  the  other  hand.  Emperor  Seamounts  increase  m age  to  north  but  crust 
decreases  m age;  thus  age  of  crust  when  seamounts  formed  decreases  from  roughly 
75  Ma  at  the  bend  to  less  than  40  Ma  at  -Seiko  Seamount. 


(1840  and  other  letters  until  1882).  Many  of  their  letters  describing 
the  volcanoes  were  published  in  the  American  Journal  of  Science. 
Goodrich,  in  particular,  provided  detailed  descriptions  of  the  vol- 
canoes on  the  Island  of  Hawaii.  None  of  the  earliest  descriptions 
however,  included  information  about  the  mineralogy1  or  petrology  of 
the  lava. 

The  United  States  Exploring  Expedition  visited  Hawaii  in 
1840-41.  The  commander  of  the  expedition  published  a narrative 
(Wilkes,  1845)  containing  descriptions  of  caldera  activity  at  Kilauea 
and  new  maps  of  both  Kilauea  and  Mauna  Loa  calderas.  James  D. 
Dana,  the  geologist  of  the  expedition,  published  a detailed  report  on 
the  geology  of  the  areas  visited  by  the  expedition  (Dana.  1849). 
This  report  contains  descriptions  of  lava  flows  including  their 
mineralogy  and  flow  morphology,  in  addition  to  numerous  other 
observations  on  the  active  and  inactive  volcanoes  that  make  up  the 
islands.  Later  reports  by  Dutton  (1884),  J.D.  Dana  (1887,  1888, 
1889),  Green  (I887X  and  Brigham  (1909)  added  details  on 
eruptions  and  expanded  the  geologic  observations  to  other  islands. 

E.S.  Dana  (1877),  Cross  (1904),  and  Hitchcock  (1911)  ' 
presented  detailed  petrographic  descriptions  of  lava  from  the 
islands.  Daly  (1911)  and  Cross  (1915)  described  the  mineralogy 
and  petrology  of  Hawaiian  lava  flows  at  the  time  the  I lawaiian 
Volcano  Observatory  was  established,  and  Jagger  (1917)  described 
activity  in  Halemaumau  lava  lake.  The  paper  by  Cross  (1915)  is  a 
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Eruptive  »U|« 

Rock  type* 

Erupt  Ion 

rate 

Volume 

(percent) 

Rejuvenated  — 

alkalic  basalt 
basanite 
nephe  Unite 
nepheline  Bclilitite 

Very  low 

<1 

Pustsh i« Id  

alkalic  baaalt 
transitional  baaalt 
ankaranite 
blHliiU 
nugcar ite 
bennore  i te 
crac byte 
phono lite 

Lou 

- 1 

Shield  

tholeiitic  basalt 
olivine  tholeiitic  basalt 
picritic  tholeiitic  baaalt 
tcciendite  (rare) 
rhyodocite  (rare) 

* alkalic  basalt  (?) 

High 

45-98 

Preahield 

basanite 
alkalic  baaalt 
transitional  basalt 
^tholeiitic  basalt  (?) 

Lev 

-3 

* Wright  and  Mel*  (chapter  23)  suggest  that  the  shield  atage  nay 
include  rare  intercalated  alkalic  baaalc  and  that  the  preahield  atage 
include*  tholeiitic  baaalt.  Wc  auapcct  that  tholeiitic  and  alkalic 
baaalt  occur  intercalated  during  the  tranaitiona  fro*  preahield  to 
shield  atage  and  Iron  ehield  atage  to  poatahiald  atage  but  that  during 
the  nain  ahiald  ataga  only  tholeiitic  lava  ia  erupted. 


milestone  because  it  added  detailed  descriptions  and  chemical 
analyses  of  rocks  from  Hawaiian  volcanoes  other  than  Kilauea  and 
Mauna  Loa. 

More  detailed  petrographic  descriptions  of  lava  from  the 
islands  were  published  by  S.  Powers  (1920}  Soon  afterward, 
papers  appeared  by  Washington  ( 1923a,  b,  c)  and  Washington  and 
Keyes  (1926,  1928)  with  detailed  accounts  of  the  geology  and 
petrology,  new  high-quality  chemical  analyses  of  lava  from  Hawaii 
and  Maui,  and  a classification  of  Hawaiian  volcanic  rocks.  Palmer 
(1927,  1936)  added  geologic  descriptions  and  petrography  of  lava 
from  Kaula  and  Lehua  Islands,  both  of  which  are  tuff  cones  of  the 
alkalic  rejuvenated  stage.  Lehua  Island  is  just  one  of  several 
rejuvenated-stage  vents  associated  with  Niihau,  whereas  Kaula 
Island  sits  atop  a completely  submerged  shield. 

These  early,  mainly  descriptive  and  reconnaissance  studies 
were  superseded  by  detailed  mapping  of  the  islands  beginning  in  the 
1930s.  H.T.  Stearns  and  his  coworkers,  in  a remarkable  scries  of 
bulletins  published  by  the  Hawaii  Division  of  Hydrography,  pub- 
lished geologic  maps  and  descriptions  of  Oahu  (Stearns  and 
Vaksvik,  1935;  Stearns,  1939,  1 940b  X Lanai  and  Kahoolawe 
(Steams,  1940c),  Maui  (Steams  and  Macdonald.  1942k  Hawaii 
(Steams  and  Macdonald,  I946X  Nuhau  (Steams,  I947X  and 
Molokai  (Steams  and  Macdonald.  1 9*47 X Ifie  bulletin  on  Kauai 
by  Macdonald  and  others  (I960)  tompleted  the  monumental  map 
ping  job  begun  by  Steams;  though  Steams  did  not  coauthor  the 
report,  he  did  much  of  the  mapping  and  is  an  author  of  the  map, 
These  maps  and  bulletins  provide  the  geologic  framework  for  all 
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Tabu:  1 .2.  — Enrptiiv  stages  represented  on  vokanoes  of  die  Havanan  Emperor  Chain 

[VoitMo  manbm  from  Bwtu  Mid  JmIuo*  ( 1 974).  ruinibrt*  0 and  65A  added  ft*  ccaaMao  Pi««cncc  ct  riaffn:  M.  major  until.  R.  rare  or  of 
•mall  yulumr,  X.  p «e*oM  bid  amt  unknown,  A.  known  to  be  tbtml.  . taduuwit.  (TX  traculional  lava  probably  erupted  during  Ur  tfueid  »ta«e 
or  <atde*a-«ollapnr  pbat<  of  tbal  *!agr  For  volcaaoei  from  Kilauea  through  Nether,  data  from  detailed  mapping  and  aampluig.  for  remaining 
volcano**,  primarily  from  dredge  and  drill  tamples] 


Volcano 
Numbe  r Name 


Eruptive  Stages 

Preshield  Shield  Postshield  Rejuvenated 

(alkalic)  (tholeiitic)  (alkalic)  (alkalic) 


Hawaiian  la  lands 


0 

Loihi  - — 

M 

H 

- 

- 

1 

Ki lauea  — 

— 

- 

H 

A 

A 

2 

Mauna  Los  ------- 

- 

H 

A 

A 

3 

Mauna  Kea 

— 

- 

M 

M 

A 

4 

Hum  la  la i 

- 

M 

H 

A 

5 

Kohala  

- 

M 

K 

A 

6 

East  Haul  

- 

H 

H 

H 

7 

Kahoolawe  ------- 

- 

M 

R 

R 

8 

West  Kaoi  

- 

H 

K 

R 

9 

Lanai  

- 

M 

A 

A 

10 

East  Holokai  

- 

M 

H 

R 

11 

West  Holokai  

— 

- 

H 

R 

A 

12 

Kuo  1 a u ---------- 

- 

M 

A 

H 

13 

tfaianae  

— 

- 

M 

K 

R 

14 

Kauai  

- 

H 

R 

M 

15 

Niihau  ------- 

— 

- 

M 

R 

H 

15A 

Kaula  

- 

X 

X 

X 

northwestern  Hawaiian  Islands  sod  Hawaiian  Ridge 


17 

Nihoa  —————— 

_ 

N 

- 

19 

(Unnamed  Seamount)  - — 

- 

X(T) 

- 

- 

20 

(Unnamed  Seamount)  — 

- 

X 

- 

X 

21 

(Unnamed  Seamount)  - — 

- 

X 

- 

- 

23 

Necker 

- 

H 

X 

X 

26 

La  Perouae  Pinnacles  - 

- 

X 

- 

- 

28 

Brooks  Bank  

- 

X(T) 

X 

- 

29 

St.  Rogatien  Bank  -— 

- 

- 

X 

- 

30 

Gardner  Pinnacles  — — 

- 

X 

X 

- 

36 

Laysan  

- 

- 

X 

- 

37 

Northampton  Bank  ----- 

- 

X 

- 

- 

39 

Pioneer  Bank — 

- 

X 

- 

- 

50 

Pearl  and  Hermes  Reef- 

- 

- 

X 

- 

51 

Ladd  Bank  

- 

- 

- 

X 

52 

Midway  

- 

N 

X 

- 

53 

Nero  Bank  —————— 

- 

X 

- 

- 

57 

(Unnaoed  Seamount)  

- 

- 

X 

- 

63 

(Unnamed  Seamount)  -— 

- 

- 

- 

X 

65 

Colahan  — 

- 

X 

- 

X 

65A 

Abbott  — — 

- 

X(T) 

- 

- 

Emperor  Seamounts 


67 

Daikakuji  

- 

X 

- 

- 

69 

Yuryaku  

- 

X 

X 

- 

72 

Kianei  — — — — — 

- 

- 

X 

- 

74 

Koko  (southern)  — — 

- 

X 

K 

- 

76 

Koko  (northwest)  

- 

X 

- 

- 

81 

Oj  in  ————— 

- 

X 

X 

- 

83 

Jingu  ---------------- 

- 

- 

X 

- 

86 

Nintoku  

- 

- 

X 

- 

90 

Suiko  (southern)  — — 

- 

- 

X 

- 

91 

Suiko  (central)  — 

- 

H 

X 

- 

108 

Neiji  ————— 

• 

M 

“ 

“ 

Digitized  by  Google 


I.  THE  HAWAIIAN-EMPEROR  VOLCANIC  CHAIN  PART  I 


II 


subsequent  studies  of  the  islands  and  can  also  be  used  to  put  many  of  I 
the  earlier  descriptions  into  a broader  geological  context.  A number 
of  derivative  publications  include  summaries  of  the  geology  of  the 
islands  by  Steams  (1946,  I966X  an  overview  of  the  petrography  of 
lava  from  the  islands  by  Macdonald  (I949X  and  a summary  of  the 
geology  of  the  Hawaiian  Islands  by  Macdonald  and  others  (I983X 
The  brief  geologic  summaries  in  appendix  1 . 1 have  largely  been 
attracted  from  the  above  publications.  Additional  unpublished 
observations  by  ourselves  are  included  for  Hualalai,  East  and  West 
Molokai,  Koolau,  Kauai,  and  Niihau. 

The  maps  of  Steams  and  coworkers  separate  rejuvenated -stage 
lava  from  earlier  lava,  but  do  not  subdivide  shield  and  postshield 
lava  on  the  basis  of  chemical  composition.  The  eruptive  stages  that  I 
are  known  to  occur  in  each  of  the  volcanoes  of  the  I Hawaiian  Islands  | 
are  summarued  m table  1.2.  Evidence  for  the  alkalic  preshield  stage 
ousts  only  at  Loihi  Seamount.  If  this  stage  is  present  in  all  Hawaiian 
volcanoes,  it  is  completely  buned  by  later,  shield-stage  tholentic 
lava.  The  tholeiilic  shield  stage  is  known  to  form  the  major  portion  of 
the  subaenal  and,  we  assume,  the  submarine  part  of  each  volcano. 
On  the  main  islands,  only  Hualalai  Volcano  and  Kaula  Island  do 
not  have  subaerial  exposures  of  tholeiitic  lava.  Alkalic  lava  of  the 
alkalic  postshield  stage  occurs  relatively  late  in  the  eruptive  sequence 
and  has  not  yet  developed  on  Loihi  Seamount  or  Kilauea  and 
Mauna  Loa  Volcanoes.  To  the  northwest  of  there  it  occurs  on  all 
volcanoes  except  Lanai  and  Koolau,  although  the  volumes  present 
on  Kauai,  Niihau,  Kahoolawe,  and  West  Molokai  are  small.  Some 
volcanoes  have  predominantly  mugearite,  whereas  others  have  pre- 
dominantly hawaiite;  these  are  called  Kohala  type  and  Haleakala 
type,  respectively,  by  Macdonald  and  Katsura  (1962).  Wright  and 
Clague  (in  press)  propose  two  additional  types:  a Hualalai  type 
with  a bunodal  trachyte-alkahc  basalt  lava  distribution  and  a 
Koolau  type  with  little  or  no  alkalic  postshield  lava  present. 

Hawaiian  volcanoes  commonly  have  summit  calderas  and 
elongate  curved  rift  zones  from  which  much  of  the  lava  issues. 
Summit  calderas  oust  on  Loihi  Seamount  (Malahoff,  chapter  6; 
Malahoff  and  others,  I982X  KUauea,  and  Mauna  Loa.  Each  of 
these  calderas  is  connected  to  two  prominent  rift  zones.  Not  all 
Hawaiian  volcanoes,  however,  had  a summit  caldera.  West  Molokai 
Volcano,  in  particular,  shows  no  evidence  of  ever  having  had  a 
caldera.  Flat-lying  lava  ponded  inside  a caldera  is  not  oeposed  on 
Hualalai.  Mauna  Kea,  Kohala,  or  Niihau.  but  former  calderas  are 
mferred  at  those  volcanoes  from  geophysical  data  (see  Macdonald 
and  others,  1 983  X 

The  formation  and  structure  of  the  rift  zones  have  been 
examined  in  an  elegant  paper  by  Fiske  and  Jackson  (I972X  who 
concluded  that  the  orientation  of  the  rift  zones  reflects  local  gravita- 
tional stresses  within  the  volcanoes.  Isolated  shields  such  as  Kauai 
and  West  Molokai  had  nearly  symmetrical  stress  fields  represented 
by  generally  radial  dikes  and  thus  have  only  poorly  defined  rift 
zones.  The  nft  zones  of  these  isolated  volcanoes  tend  to  align  parallel 
to  the  orientation  of  the  chain,  suggesting  the  influence  of  a more 
rrgionaj  stress  field  that  also  controls  the  orientation  of  the  chain.  In 
contrast,  the  rift  zones  of  the  other  volcanoes  tend  to  be  aligned 
parallel  to  the  flanks  of  the  preexisting  shields  against  which  they 
abut. 


GEOLOGY  OF  THE  HAWAIIAN  RIDGE 

The  Northwestern  Hawaiian  Islands  were  the  focus  of  all 
geologic  investigations  along  the  Hawaiian  Ridge  west  of  Kauai 
until  oceanographic  techniques  were  applied  to  the  area  in  the 
1950’s.  Geological  descriptions  of  the  leeward  islands  include  those 
of  S.  Powers  (1920)  for  Nihoa  and  Necker  Islands,  and  Wash- 
ington and  Keyes  (1926)  and  Palmer  (1927)  for  Nihoa,  Necker, 
Gardner  Pinnacles,  and  French  Frigates  Shoal  (LaPerouse  Pinna- 
cles). These  reports  cite  earlier  sketchy  descriptions.  Macdonald 
(1949)  reexamined  Palmers  samples  and  added  more  detailed 
petrography.  The  petrology  of  the  basaltic  basement  of  Midway 
Atoll  is  described  from  two  drill  cores  by  Macdonald  (1969)  and 
Dairymple  and  others  (1974,  1 977 X whereas  the  geology  of  the  site 
is  detailed  by  Ladd  and  others  (1967,  I969X  Paleomagnetic  data 
on  flows  and  dikes  from  Nihoa  and  Necker  Islands  are  given  by 
Doeil  ( I972X  whereas  similar  data  from  the  Midway  drill  core  are 
given  by  Grorame  and  Vine  (I972X 

Marine  geologic  investigations  of  the  Hawaiian  Ridge  began 
with  Hamilton's  pioneering  work  in  1957.  Much  subsequent  work 
has  focused  on  the  structure  of  the  oceanic  crust  in  the  vicinity  of  the 
chain,  but  few  cruises  have  actually  been  conducted  that  dealt  mainly 
with  the  geology  of  the  Hawaiian  Ridge.  In  the  early  1970s, 
Scripps  Institution  of  Oceanography  and  the  Hawaii  Institute  of 
Geophysics  conducted  cruises  to  the  Hawaiian  Ridge.  Samples 
collected  by  these  cruises  are  described  in  Clague  (1974a,  1974b) 
and  Garcia,  Grooms,  and  Naughton  (in  pressX  Subsequent  cruises 
to  the  area  by  the  Hawaii  Institute  of  Geophysics  and  the  U.S. 
Geological  Survey  are  ated  in  appendix  LI. 

Lava  samples  recovered  from  the  Hawaiian  Ridge  and 
Emperor  Seamounts  are  more  difficult  to  assign  to  volcanic  stages 
because  they  are  recovered  by  dredging  and  drilling  or  are  collected 
from  small  islets  and  the  held  relations  are  usually  unknown  or  only 
poorly  known.  Table  1.2  summarizes  the  available  data  from  the 
Hawaiian  Ridge.  Based  on  the  sequence  and  volumes  of  lava  in  the 
Hawaiian  Islands,  we  have  assumed  that  tholeiitic  basalt  always 
represents  the  shield  stage  and  that  strongly  alkalic,  Si02-poor  lava 
represents  the  alkalic  rejuvenated  stage.  Differentiated  alkalic  lava 
has  been  assigned  to  the  alkalic  postshield  stage.  Some  alkalic  basalt 
occurrences  could  be  assigned  to  either  the  alkalic  postshield  or 
rejuvenated  stages;  they  have  been  assigned  on  the  basis  of  trace- 
element  signatures  and  mineral  chemistry  using  criteria  outlined  in  a 
later  section  of  this  paper.  No  lava  samples  have  been  assigned  to  the 
alkalic  preshield  stage  because  we  assume  that  the  small  volumes  of 
such  early  lava  have  been  buned  by  the  later  voluminous  tholeiitic 
lava  of  the  shield  stage. 

Hie  samples  recovered  by  dredging  are  probably  not  represen- 
tative of  the  lava  fonmng  the  bulk  of  the  individual  seamounts,  but 
instead  represent  the  youngest  lava  types  erupted  on  the  volcanoes. 
Hus  natural  sampling  bias  should  result  in  an  overrepresentation  of 
alkalic  lava  from  both  the  postshield  and  rejuvenated  stages.  In 
addition,  selection  of  recovered  samples  for  further  study  introduces 
another  bias  because  the  freshest  samples  are  commonly  alkalic  lava, 
particularly  hawaiite.  mugearite,  and  trachyte.  With  these  biases  in 
mind,  it  is  still  possible  to  note  general  trends  along  the  entire  chain. 
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Tholeiitic  basalt  and  picntic  thol-euttc  basalt,  similar  to  those  of 
the  shield  stage  of  subaerial  Hawaiian  volcanoes,  have  been 
recovered  from  1 1 seamounts,  banks,  and  islands  in  the  Hawaiian 
Ridge  west  of  Kauai  and  Niihau  (table  1.2;  appendix  I . I X The 
abundance  of  tholeiitic  basalt  from  the  Hawaiian  Ridge  implies  that 
these  volcanoes  are  genetically  related  to  the  Hawaiian  Islands  and 
that  the  general  sequence  of  Hawaiian  volcanism,  in  which  tholeiitic 
basalt  forms  a major  portion  of  each  volcano,  has  occurred  along  the 
entire  Hawaiian  Chain. 

GEOLOGY  OF  THE  EMPEROR  SEAMOUNTS 

Little  was  known  of  the  geology  of  the  Emperor  Seamounts 
until  quite  recently.  The  chain  was  recognized  as  the  continuation  of 
the  Hawaiian  Ridge  by  Bezrukov  and  Udintsev  (1955X  but  not 
until  1968  were  the  first  samples  recovered  from  Suiko  Seamount 
(Ozima  and  others.  1970).  ITiese  samples  are  dominantly,  if  not 
completely,  ice-rafted  detritus.  Subsequent  studies  included  a cruise 
to  the  southern  part  of  the  chain  by  Scnpps  Institution  of 
Oceanography  in  1971  (ARIES  Leg  VII;  Davies  and  others. 
1971 , I972X  Deep  Sea  Drilling  Project  (DSDP)  Site  192  on  Meiji 
Seamount  (Creager  and  Scholl,  I973X  DSDP  Sites  308  and  309 
on  Koko  Seamount  (Larson  and  others,  I975X  a cruise  by  the 
Hawaii  Institute  of  Geophysics  ( Dairy mple  and  Garcia,  1980),  a 
cruise  by  the  U.S.  Geological  Survey  in  1976  that  surveyed  the  sites 
for  Leg  55  of  DSDP  (Dalrymple  and  others,  l980aX  and  Leg  55 
DSDP  Sites  430,  431,  432,  and  433  in  the  central  part  of  the 
chain  (Jackson  and  others,  I980X  Die  Scnpps  Institution  of 
Oceanography  cruise  ARIES  VII  in  1971  and  the  Leg  55  DSDP 
cruise  in  1977  were  particularly  successful,  and  most  of  our 
knowledge  of  the  Emperor  Seamounts  is  derived  from  these  two 
cruises. 

The  petrology  of  lava  samples  recovered  by  these  two  cruises  is 
descnbed  in  Clague  (1974a)  and  Kirkpatnck  and  others  (I980X 
respectively.  A detailed  seismic  interpretation  of  the  carbonate  caps 
of  many  of  the  seamounts  is  given  by  Greene  and  others  ( 1980X  and 
overviews  of  the  results  of  DSDP  Leg  55  are  given  by  Jackson  and 
others  (1980)  and  Clague  (1 98 IX 

Iable  1.2  summarizes  the  available  data  on  eruptive  stages 
represented  by  samples  from  the  Emperor  Seamounts,  and  details 
are  given  in  appendix  I . I for  individual  volcanoes.  We  have 
assumed  that  tholeiitic  basalt  represents  the  shield  stage  and  that 
alkalic  lava  postdates  the  tholeiitic  shield  stage;  only  at  Ojin  and 
Suiko  Seamounts  does  drilling  show  that  the  alkalic  lava  overlies  the 
tholeiitic  flows. 

Tholeutic  basalt  and  picntic  tholeiitic  basalt  similar  to  those  of 
the  shield  stage  of  subaerial  Hawaiian  volcanoes  have  been 
recovered  by  drilling  and  dredging  from  six  volcanic  edifices  in  the 
Emperor  Seamounts.  The  abundance  of  tholeiitic  lava  from  the 
Emperor  Seamounts  is  strong  evidence  that  these  volcanoes  are 
genetically  related  to  the  Hawaiian  Islands  and  Hawaiian  Ridge. 
Likewise,  the  general  eruptive  model  for  the  Hawaiian  Islands  is 
apparently  applicable  to  the  Emperor  Seamounts. 

Alkalic  postshirid-stage  lava  has  been  recovered  by  dredging 
and  drilling  from  nine  seamounts  m the  chain.  In  general  these 


samples  are  alkalic  basalt,  hawaiite,  mugeante,  and  trachyte  similar 
to  lava  erupted  in  the  Hawaiian  Islands,  but  lava  from  Koko 
Seamount  includes  anorthoclase  trachyte  and  phonolite  that  are 
interpreted  to  have  erupted  during  the  alkalic  post  shield  stage 
(Clague,  !974aX  Lava  of  the  rejuvenated  alkalic  stage  has  not  been 
identified  from  any  of  the  Emperor  Seamounts. 

SUBSIDENCE  OF  THE  VOLCANOES 

Charles  Darwin  (1837,  1842)  was  the  first  to  suggest  that 
coral  atolls  might  grow  on  subsiding  platforms  and  that  drowned 
atolls  and  certain  deeply  submerged  banks  with  level  tops  could  be 
explained  by  subsidence.  Hess  (1946)  recognized  that  flat-topped 
submarine  peaks,  which  he  named  guyots,  were  drowned  islands. 
He  thought  that  they  were  volcanic,  bare  of  sediments  and  coral, 
and  had  been  planed  off  by  erosion  at  sea  level.  He  attributed  their 
depth  to  rising  sea  level  caused  by  sediment  deposition  in  the  oceans. 
Menard  and  Dietz  (1951)  agreed  with  Hess  that  submergence  was 
primarily  due  to  a rise  in  sea  level,  but  they  thou^it  that  local 
subsidence  might  also  play  a role.  Hamilton  (I956X  in  his  classic 
study  of  the  Mid-focihc  Mountains,  which  included  a program  of 
dredging  and  coring,  concluded  that  those  (and  other)  guyots  were 
formerly  basaltic  islands  that  had  been  wave  and  stream  eroded  and 
I on  which  coral  reefs  subsequently  grew.  Their  eventual  sub- 
mergence, he  thought,  was  primarily  caused  by  regional  subsidence 
of  the  sea  floor.  It  is  now  known  that  Darwin  and  Hamilton  were 
basically  correct  about  the  steps  leading  to  the  formation  of  guyots, 
and  about  the  predominant  role  of  subsidence  in  the  process. 

The  Hawaiian- Emperor  volcanic  chain  is  an  excellent  oiamplc 
of  the  gradual  transformation  of  volcanic  islands  to  guyots.  From 
southeast  to  northwest  there  is  a continuous  progression  from  the 
active  volcanoes  such  as  Mauna  Loa  and  Kilauea  through  the 
eroded  remnants  of  Niihau,  Nihoa,  and  Necker,  through  growing 
I atolls  like  French  Frigates  Shoal  and  Midway  Islands,  to  deeply 
submerged  guyots  like  Ojin  and  Suiko.  The  progression  can  be 
observed  not  only  along  the  chain  but  within  the  stratigraphy  of 
individual  seamounts.  Drilling,  dredging,  and  seismic  observations 
have  shown  conclusively  that  the  atolls  and  guyots  of  the  chain  are 
capped  by  carbonate  deposits  that  overlie  subaerial  lava  flows  (see. 
for  example,  Ladd  and  others,  1967;  Davies  and  others,  1971, 

I 1972;  Greene  and  others.  1980;  Jackson  and  others,  I980X 

The  subsidence  of  Hawaiian  volcanoes  with  time  results  from 
thermal  aging  of  the  lithosphere  and  isostatic  response  to  local 
loading.  The  depth  of  the  sea  floor  (and  of  volcanoes  sitting  upon  it) 
increases  away  from  spreading  ridges  because  the  lithosphere  cools, 
thickens,  and  subsides  as  it  moves  away  from  the  source  of  heat 
beneath  the  ndge  (Parsons  and  Sclalcr,  1977;  Schrocder,  I984X 
Detrick  and  Trough  ( 1978)  pointed  out  that  the  subsidence  of  many 
islands  and  seamounts,  including  those  along  the  Hawauan- 
Ejnperor  Cham,  was  far  in  excess  of  that  which  could  be  accounted 
for  by  this  normal  lithospheric  aging  or  by  lithospheric  loading. 
Hiey  proposed  that  the  lithosphere  is  thermally  reset  locally  as  it 
passes  over  a hot  spot  and  that  the  excess  subsidence  is  largely  a 
consequence  of  renewed  lithospheric  aging. 
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The  Hawaiian- Emperor  Chain  rests  on  crust  of  Cretaceous 
age  (circa  120-80  Ma)  for  which  the  depth  should  be  about 
5. 5-5.9  km.  The  depth  near  Hawaii,  however,  is  less  than  4.5  km 
(fig.  1 .41  The  depth  increases  along  the  chain  to  about  5. 3 lun  near 
the  Hawaiian -Emperor  bend  in  a manner  consistent  with  the  thermal 
resetting  hypothesis.  Thus,  the  subsidence  of  Hawaiian  volcanoes  as 
they  move  away  from  the  hot  spot  is  in  part  a function  of  their 
distance  from  the  hot  spot,  that  is,  of  the  reset  thermal  age  of  the 
lithosphere  beneath  the  chain.  The  volcanoes  are  passively  riding 
away  from  the  Hawaiian  hot  spot  on  cooling  and  thickening 
lithosphere  that  is  subsiding  at  about  0.02  mm/yr 

Superimposed  on  the  effect  of  crustal  aging  is  subsidence 
caused  by  the  immense  and  rapid  loading  of  the  lithosphere  by  the 
growing  volcanoes  (Moore,  chapter  2l  This  effect  is  local,  but 
while  the  volcano  is  active  the  rate  of  subsidence  caused  by  loading 
may  exceed  that  from  lithospheric  aging  by  more  than  two  orders  of 
magnitude.  Moore  (1970)  found,  from  a study  of  tide-gage  records 
in  the  Hawaiian  Islands  and  on  the  west  coast  of  North  America, 
that  Hilo  on  the  Island  of  Hawaii  has  been  subsiding  at  an  absolute 
rate  of  4.8  mm/yr  since  1946.  Recent  data  on  drowned  coral  reefs 
near  Kealakekua  Bay  indicate  an  absolute  subsidence  rate  for  the 
western  side  of  Hawaii  of  1 .8  to  3+  mm/yr  averaged  over  the  past 
300,000  yr  and  also  indicate  that  the  rate  may  have  accelerated 
during  that  time  (Moore  and  Fornari,  1984)  Moores  (1970)  tide- 
gage  data  also  show  that  absolute  subsidence  decreases  systemati- 
cally away  from  the  Island  of  Hawaii,  with  rates  for  Maui  and  Oahu 
of  1.7  mra/yr  and  0 mm/yr,  respectively.  Some  of  this  decrease  in 
subsidence  may  be  due  to  compensating  uplift  as  the  volcanoes  are 
earned  over  the  Hawaiian  Arch,  but  an  analysis  of  gravity  data 
indicates  that  there  is  no  appreciable  viscous  reaction  to  the  sea- 
mount loads  over  time  (Watts.  1978)  Thus,  it  is  probable  that  the 
volcanoes  are  isostatically  compensated  within  a few  million  years  of 
their  birth,  and  that  thermal  aging  of  the  lithosphere  is  the  major 
cause  of  subsidence  along  the  chain. 


0 10  20  30  40 

TIME  SINCE  REHEATING,  IN  MILLION  YEARS 


FlCURE  1,4.  — Minimum  dcplk  lo  h-a  floor  swell  as  a lunciim  at  timr  oner 
(cheating  (or  agr  of  volcanoes  along  chaoil  Lashed  line  is  predicted  depth  t«x 
normal  aging  of  lithosphere  away  from  spreading  ridge  Solid  line  tv  predicted 
depth  for  thermally  reset  lithosphere  4b  lun  thick  MoFZ  and  MuFZ.  Molokai 
and  Murray  Fracture  Zones,  respectively  Modihrd  from  Detnck  and  L rough 
(1978)  and  Crough  (1 983k 


GEOCHRONOLOGY  AND  PROPAGATION  OF 
VOLCANISM 

EARLY  WORK:  LEGENDS  AND  DEGREE  OF  EROSION 

According  to  Hawaiian  legend,  the  goddess  Pele  first  inhab- 
ited Kauai,  but  then  moved  southeastward  island  by  island  to 
Kilauea  Volcano,  where  she  now  resides  (Bryan,  1915)  The 
reasoning  behind  this  legend  is  unknown,  but  it  was  probably  based 
in  large  part  on  the  relative  appearance  of  age  of  the  various 
volcanoes.  Many  centuries  after  this  legend  originated,  J.D.  Dana 
(1849)  rendered  the  first  scientific  opinion  confirming  the  general  age 
progression  implied  by  the  legend. 

Dana  was  not  only  the  first  geologist  to  conclude  that  the  order 
of  extinction  of  Hawaiian  volcanoes  was  approximately  from  north- 
west to  southeast,  he  also  recognized  that  the  Hawaiian  Chain 
included  the  islets,  atolls,  and  banks  that  stretch  for  some  distance  to 
the  northwest  of  Kauai.  Dana  saw  no  reason  to  think  that  the 
volcanoes  of  the  chain  did  not  originate  simultaneously:  “No  facts 
can  be  pointed  to,  which  render  it  even  probable  that  Hawaii  is  of 
more  recent  origin  than  Kauai”  (Dana,  1849,  p.  280)  Their 
relative  degree  of  erosion,  however,  provided  ample  evidence  lo 
indicate  their  order  of  extinction:  “From  Kauai  to  Mount  Loa  all 
may  thus  have  simultaneously  commenced  their  ejections,  and  have 
continued  m operation  during  the  same  epoch  till  one  after  another 
became  extinct.  Now,  the  only  burning  summits  out  of  the  thirteen 
which  were  once  in  action  from  Niihau  to  Hawaii,  are  those  of  Loa 
and  Hualalai:  we  might  say  farther  that  these  are  all  out  of  a number 
unknown,  which  stretched  along  for  fifteen  hundred  miles,  the  length 
of  the  whole  range.  This  appears  to  be  a correct  view  of  the 
Hawaiian  Islands”  (Dana,  1849,  p.  280)  Subsequent  workers 
agreed  with  Dana  on  the  general  order  of  extinction  (for  example, 
Brigham,  1868;  Dutton,  1884;  Hillebrand,  1888;  Hitchcock, 
1911;  Cross,  1915;  Martin  and  Pierce.  1915;  Wentworth,  1927; 
Hinds,  1931;  Stearns,  1946)  although  the  sequences  they  proposed 
i invariably  differed  in  detail  (table  1.3)  Of  these  various  workers 
only  Steams  (1946)  who  studied  the  Hawaiian  Islands  in  more 
detail  than  any  of  his  predecessors,  had  the  sequence  exactly  correct 
as  judged  by  present  data. 

The  idea  that  the  volcanoes  of  the  Hawaiian  Chain  originated 
simultaneously  and  only  became  extinct  progressively  seems  to  have 
persisted  until  a few  decades  ago.  Stearns  (1946)  for  example, 
mentions  the  lack  of  evidence  to  indicate  when  any  of  the  Hawaiian 
volcanoes  began  but  shows  all  of  the  main  shields  except  Hualalai 
and  Kilauea  erupting  simultaneously  at  the  end  of  the  Pliocene 
(Steams,  1946,  p.  97,  fig.  25)  Two  exceptions  were  Cross  (1904) 
and  Wentworth  (1927)  who  thought  that  the  degree  of  erosion  was 
probably  a function  of  when  the  volcanoes  emerged  above  the  sea  as 
well  as  of  the  elapsed  lime  since  they  ceasrd  to  erupt.  Cross  (1904. 
p.  518)  states:  “It  appears  to  me  plausible  to  assume  that  the  earliest 
eruptions  occurred  at  or  near  the  western  limit  of  this  zone  (the  more 
than  1000  mile  expanse  of  the  island  chain)  and  that  in  a general 
way  at  least,  the  centers  of  activity  have  developed  successively 
farther  and  farther  to  the  east  or  southeast,  until  now  the  only  active 
loci  of  eruption  are  those  of  Maunj  Loa  and  Kilauea  on  the  island  of 
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VOLCANISM  IN  HAWAII 


TABLE  1.3. — Early  ntimalet  of  the  order  of  extinction  of  the  principal  Hauvuan  volcanoes 
[CfWma  toed  me  p *n»  Iww^lK  each  KWf.  i-nlonon  Irelrd  m proposed  order  at  octmcltoa.  akin)  af  lop] 


Dona  (1849) 
Erosion 

Brigham  (1868) 
Eroaion 

Dana  (1888)  Hillabrand  (1888) 
Eroaion  Floral  diversity 

Wentworth  (1927) 
Erosion 

Hinds  (1931) 
Erosion 

Stearns  (1946) 
Erosion  and 
stratigraphy 

Kauai 

Ueat  Kauai, 

Kauai 

West  Oahu,  Kauai 

Koolau 

Waianae 

Kauai 

Waianae 

Niihau 

Wa ianae 

Molokai,  East  Oahu 

Kauai 

Koolau 

Waianae 

Vest  Haul 

Waianae 

West  Maui 

Kohala,  West  Maui 

East  Molokai 

Niihau 

Koolau 

Koolau 

East  Kauai 

Kohala 

Mauna  Kea 

West  Maui 

Kauai 

West  Molokai 

Mauna  Kea 

Wear  Molokai 

Koolau 

East  Maui 

Mauna  Kea 

West  Molokai  Ease  Molokai 

Eaat  Maui 

West  Maui 

East  Maui 

Hua la iai 

Waianae 

East  Molokai  West  Maui,  Lanai 

Mauna  Los 

Kohala 

Mauna  Kea 

Mauna  Loa,  Ki lauea 

East  Maui 

Lanai 

Kahoolawe 

Koolau 

Hua  talai 

Lanai 

West  Maui, 

East  Maui 

East  Molokai 

Mauna  Loa , 

Niihau, 

Koha  la 

Kohala 

Mauna  Kea 

Ki lauea 

West  Molokai 

Kahoolawe 

Mauna  Kea 

Lanai,  Kahoolawe 

Kahoolawe 

Eaat  Maui 

Haulalai,  Mauna 

East  Maui 

Koha la 

Mauna  Kea 

Loa,  Ki lauea 

Uualalai 

Hua 1 a la i,  Mauna 

Hua la  la  i 

Mauna  Loa, 

Loa,  Ki lauea 

Mauna  Loa, 

Ki lauea 

Ki  lauea 

Hawaii."  He  specifically  noted  the  difference  between  his  hypothesis 
and  that  of  Dana. 

Estimates  of  the  geologic  ages  of  the  Hawaiian  volcanoes 
varied  considerably  among  those  early  workers  willing  to  hazard  a 
guess  on  the  basis  of  the  meager  data  then  available.  Dana  (1849) 
thought  it  likely  that  the  eruptions  commenced  as  early  as  early 
Carboniferous  or  Silurian  time;  this  estimate  was  based  on  the 
concept  that  the  Earth  had  cooled  from  a molten  globe  producing 
Assuring  and  volcanism,  the  apparent  lack  of  post-Silurian  volcanism 
in  the  interior  of  the  North  American  continent,  and  the  presump- 
tion that  the  oceans  would  cool  after  the  continents.  Cross  (1904) 
speculated  that  the  western  part  of  the  leeward  islands  formed  in  the 
early  part  of  the  Tertiary.  Wentworth  (1925,  1927)  attempted  to 
quantify  erosion  rales  for  several  of  the  islands  and  estimated  the 


extinction  ages  of  some  of  the  volcanoes 

as  follows: 

Lanai 

0.15 

Ma 

Kohala 

0.22 

Ma 

Koolau 

1.00 

Ma 

Kauai 

2.09 

Ma 

On  the  basis  of  physiographic  evidence,  Wentworth  doubted  that 
any  part  of  the  Hawaiian  group  emerged  above  sea  level  before  late 
Tertiary  time.  Hinds  (193 IX  Kke  Cross  (I904X  recognized  that  the 
atolls  and  banks  of  the  leeward  islands  were  the  remnants  of  once- 
larger  volcanoes:  “The  landscapes  of  the  leeward  group — the 
volcanic  stacks,  the  reef  limestone  and  calcareous  sand  islands  rising 
from  submarine  platforms,  and  submerged  platforms  from  which  no 
islands  rise,  represent  the  final  stages  in  the  destruction  of  a volcanic 
archipelago.  Such  a fate  awaits  the  windward  islands  unless  they  be 
rejuvenated  by  volcanic  or  diastrophic  forces"  (Hinds,  1931,  p. 
I96)i  He  recognized  that  the  amount  of  erosion  and  subsidence 
required  to  reduce  a mammoth  Hawaiian  volcano  to  a coral  atoll 
was  probably  considerable  and  concluded:  “ ITic  complete  or  nearly 
complete  destruction  of  the  Leeward  islands  suggests  that  volcanism 
ceased  there  well  back  in  the  Tertiary,  hence  the  mountains  must 


have  risen  above  the  ocean  long  before,  perhaps  even  in  Mesozoic 
tune”  (Hinds,  1931.  p.  205X  On  the  basis  of  geomorphic  consid- 
erations, Steams  (1946)  thought  that  the  volcanoes  of  the  main 
Hawaiian  Islands  rose  above  sea  level  in  the  IWtiary. 


RADIOMETRIC  AND  FOSSIL  ACES 


The  first  radiometric  ages  for  Hawaiian  volcanoes  were  deter- 
mined by  McDougall  (I963X  who  measured  ages  of  2.8  to  3.6  Ma 
for  his  Middle  and  Upper  Waianae  Series  on  Oahu  (all  K-Ar  ages 
have  been  converted  to  the  new  constants;  Steiger  and  Jaeger,  1 977  X 
He  also  reported  an  age  of  8.6  Ma  for  what  he  called  the  Mauna 
Ku w ale  Trachyte  of  the  Lower  Waianae  Seriesf  H an  age  that  later 
proved  to  be  incorrect,  probably  because  of  oicess  argon  in  tbe 
biotite  analyzed  (bunkhouser  and  others,  I968X  In  subsequent 
studies  McDougall  and  Tarling  (1963)  and  (primarily)  McDougall 
(1964)  reported  K-Ar  ages  of  lava  from  7 of  the  principal  Hawaiian 
volcanoes  and  concluded  that  the  ages  of  the  shield  stages  were 
I approximately: 


5.8- 3.9  Ma 

3.5- 2  8 Ma 

2.6- 2  3 Ma 
1.8  Ma 

1.5— 1.3  Ma 
1.3-1. 15  Ma 
0.8  Ma 
<1  Ma 

McDougall  thus  confirmed  Steams'  extinction  sequence  and  also 
suggested  that  the  main  shield  stage  of  a I lawau&n  volcano  essen- 
i tially  was  complete  before  the  next  volcano  rose  above  the  sea. 

Since  the  pioneering  work  of  McDougall,  many  additional 
radiometric  ages  have  been  determined  for  the  volcanoes  of  the  main 
islands,  and  the  dating  has  been  extended  to  the  volcanoes  of  the 


Kauai 
Waianae 
Koolau 
West  Molokai 
East  Molokai 
West  Maui 
East  Maui 

Hawaii  (all  5 volcanoes) 
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leeward  islands,  the  western  Hawaiian  Ridge,  and  the  Emperor 
Seamounts.  In  total,  there  are  now  reasonably  precise  radiometric 
age  data  for  35  of  the  volcanoes  in  the  Hawaiian  Emperor  Chain 
(see  appendix  1.1}  Radiometric  ages  of  two  volcanoes  on  the 
Hawaiian  Ridge  are  not  included  in  appendix  1.1  because  it  is 
probable  that  the  samples  are  not  from  Hawaiian  volcanoes  (Clague 
and  Dafrymple,  1975}  These  include  a minimum  age  of  71  ± 5 Ma 
for  altered  basalt  from  Wentworth  Seamount,  80  lun  northwest  of 
Midway,  and  an  age  of  77. 6 ±1.7  Ma  for  a sample  of  rhyolite 
(probably  an  erratic,  see  appendix  I . I ) dredged  from  the  northern 
slope  of  Necker  Island. 

In  addition  to  the  radiometric  age  data,  there  arc  palcontologic 
ages  for  several  of  the  Hawaiian -Emperor  volcanoes  based  on 
material  recovered  by  dredging  and  drilling  programs.  In  general, 
these  ages  postdate  volcanic  activity  and  are  consistent  with  the 
radiometric  data.  From  southeast  to  northwest  they  include  (I)  an 
age  of  28-31  Ma  for  late  Oligocene  nannofossils  in  volcanogenic 
sediments  at  DSDP  Site  3 1 1 on  the  archipelagic  sediment  apron  of 
an  unnamed  seamount  (no.  58  of  Bargar  and  Jackson,  1974)  240 
km  northwest  of  Midway  (Bukry,  1975);  (2)  an  age  of  1 5-32  Ma 
(East  Indies  Tertiary  stage  Te)  for  larger  foraminifers  (Cole,  1969) 
and  smaller  foraminifers  (Todd  and  Low,  1970)  in  reef  limestone 
above  basalt  in  a drill  hole  at  Midway  Atoll;  (3)  an  age  of  39-41 
Ma  for  dredged  late  Eocene  larger  foraminifers  from  Kammu 
Seamount  (Sachs,  quoted  in  Clague  and  Jarrard,  1973);  (4)  an  age 
of  50. 5 ±3. 5 Ma  for  early  Eocene  coccoliths  in  volcanogenic 
sediments  cored  at  DSDP  Site  308  atop  Koko  Seamount  (Bukry, 
1975);  (5)  an  age  of  57-59  Ma  for  late  Paleocene  calcareous 
nannofossils  (Takayama,  1980)  and  pelagic  foraminifers  (Hagn  and 
others,  1980)  in  sediments  above  basalt  at  DSDP  Site  430  on  Ojin 
Seamount;  (6)  late  Paleocene  planktonic  foraminifers  and  probable 
early  Eocene  benthic  foraminifers  in  sediments  above  basalt  at 
DSDP  Site  432  on  Nintoku  Seamount  (Butt,  1980);  (7)  an  age  of 
59-61  Ma  for  middle  Paleocene  calcareous  nannofossils  in  sedi- 
ments above  basak  at  DSDP  Site  433  on  Suiko  Seamount  (Tak- 
ayama, 1980);  and  (8)  an  age  of  70-73  Ma  for  lower 
Maestrichtian  nannofossils  from  sediments  above  basalt  at  DSDP 
Site  192  on  Meiji  Seamount  at  the  northern  end  of  the  Emperor 
Seamounts  (Worsley,  1973}  None  of  these  fossil  ages  is  in  conflict 
with  the  radiometric  data. 

On  the  other  hand,  Menard  and  others  (1962)  describe 
Miocene  corals  and  pelagic  foraminifers  dredged  from  a submarine 
terrace  10  km  southwest  of  Oahu.  The  authors  note  the  difficulty  in 
assigning  an  age  to  these  samples  and  state  that  the  “planktonic 
forarrumfera  Globigerinoides  quadra  I obaks  \ = C.  trilobus  auct.  ] 
plexus  suggest  a lower  limit  of  early  Miocene.  Ilie  upper  age  limit  is 
less  definitive"  (Menard  and  others.  1962,  p.  896}  Present  nomen- 
clature would  identify  these  samples  as  Globigcrinoidcs  triloba,  which 
ranges  in  age  from  early  Miocene  to  Pleistocene  (Kenneth  and 
Sriruvasan,  1983}  Menard  and  others  (1962)  cite  as  additional 
evidence  of  the  Miocene  age  of  the  sample  the  60  percent  of  ertinct 
coral  species  in  the  sample.  We  conclude  that  none  of  these  criteria 
unequivocally  supports  a Miocene  age  and  no  conflict  exists  between 
the  ages  of  the  reef  and  that  of  the  underlying  volcanic  basement  of 

1.8-2. 7 Ma. 


Two  samples  of  Eocene  terrigenous  sediment  recovered  250  km 
east  of  Hawaii  and  100  km  south  of  Kauai  (Schreiber,  1969)  are 
also  anomalous.  These  samples  were  probably  derived  from  vol- 
canoes that  predate  the  Hawaiian  Chain,  or  they  may  have  been 
reworked  from  sediment  on  the  sea  floor  during  formation  of  the 
Hawaiian  volcanoes. 

The  available  radiometric  data  are  summarized  in  table  1.4 
and  plotted  in  figure  1.5  as  a function  of  distance  measured  from 
Kilauea  Volcano  along  the  Hawaiian -Emperor  trend.  Because  some 
of  the  volcanoes  arc  unnamed  and  some  seamounts  and  islands 
consist  of  more  than  one  major  volcanic  edifice,  each  dated  volcanic 
center  is  identified  in  the  table  with  the  number  assigned  to  it  by 
Bargar  and  Jackson  (1974}  The  exceptions  are  Abbott  Seamount, 
a small  volcano  between  Colahan  and  Kammu  Seamounts,  and 
Kaula  Island,  which  were  not  previously  numbered  and  to  which  we 
have  assigned  numbers  65 A and  I 5 A,  respectively. 

As  can  be  seen  from  figure  1.5,  the  age  data  confirm  the 
general  age  progression  along  the  chain  as  first  suggested  by  Dana 
(1849)  and  required  by  the  hot-spot  hypothesis  of  Wilson  (1963a} 
and  they  show  that  the  progression  is  continuous  from  Kilauea  at 
least  to  Suiko  Seamount,  more  than  half  way  up  the  Emperor 
Seamounts  Chain  and  nearly  5,000  km  from  the  active  volcanoes 
of  Mauna  Loa  and  Kilauea.  The  data  also  substantiate  the  hy- 
pothesis that  the  Emperor  Seamounts  are  a continuation  of  the 
Hawaiian  Chain,  as  proposed  by  Christofferson  (1968)  and  Mor- 
gan (1972a,  b} 

RATES  OF  VOLCANIC  PROPAGATION 

In  order  to  determine  accurately  the  rate  of  volcanic  propaga- 
tion along  the  Hawaiian -Emperor  Chain,  we  would  like  to  know  the 
time  that  each  tholeiitic  shield  volcano  first  erupted  onto  the  sea  floor, 
but  such  data  clearly  are  not  obtainable.  What  is  available  for  the 
dated  volcanoes  is  one  or  more  radiometric  age  on  lava  flows  erupted 
during  one  or  more  stage  of  volcanic  activity  (see  appendix  1.1}  In 
order  to  calculate  propagation  rates,  therefore,  it  is  necessary  to 
adopt  some  consistent  strategy  for  selecting  the  numerical  age  used  to 
represent  the  age  of  each  dated  volcano.  Different  authors  have 
approached  this  problem  in  different  ways.  McDougall  (1971 ) used 
the  youngest  age  of  tholeiitic  basalt  as  representing  the  time  of 
cessation  of  volcanism  for  each  dated  volcano  in  the  principal 
Hawaiian  Islands.  In  contrast,  Jackson  and  others  (1972)  and 
Dalrymple  and  others  (1980b.  1981)  used  the  oldest  age  for 
tholeiitic  volcanism  as  the  best  available  approximation  of  the  age  of 
the  volcanoes.  McDougall  (1979)  and  McDougall  and  Duncan 
(1980)  adopted  yet  another  approach  and  used  the  average  age  of 
tholeiitic  shield  volcanism.  For  table  1 .4,  we  have  chosen  the  oldest 
reliable  ages  for  tholeiitic  volcanism  available,  but  the  choice  of 
which  ages  to  use  is  probably  not  critical  when  considering  the  data 
for  the  chain  as  a whole.  Hie  reason  is  that  the  existing  data  on  the 
rale  of  formation  of  1 lawauan  volcanoes  indicate  that  the  tholeiitic 
shields  are  probably  built  up  from  the  sea  floor  in  as  little  as 
0.5- 1.5  m.y.  (see  summary  in  Jackson  and  others.  1972}  This 
amount  of  time  is  within  the  analytical  uncertainly  of  the  K-Ar  ages 
at  about  20  Ma.  or  less  than  one  third  of  the  way  along  the  dated 
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TABLE  1.4. — Summary  of  K-At  icothronobgy  oiong  the  Havanan- Emperae  volcanic  chain 

[Volcano  number  and  dttfuiu  from  Bargar  **d  J*ci»oo  ( 1974)  and  K.F.  Bar  gar  ( written  comma. . 1978)  Beat  K Ar  age  n oldest  rebablr 
age  of  tholculi,  bud,  idwr  available.  afl  data  comvrrted  to  new  constant*  Ar  + Xr ' = 0.581  * 10  ’“‘yr,  A(3  4.962  « 10  l07yt.  401C' 
K=l  167x10  *mnl'mol] 


0 

atance  from 

K 

lautia  along 

Beat 

Volcano 

trend  of  chain 

K-Ar  age 

Data 

Mon  6c  r Name 

(k.) 

(Mb) 

source  Rcnarks 

l 

Kl  lauea 

0 

0-0.4 

_ 

Historical  tholeiitic  eruption* 

3 

Mauna  Kea 

S4 

0.37510.05 

1 

Samp  lea  from  tholeiitic  shield 

(Haeakua  Volcanic*) 

5 

Koha la 

100 

0.43i0.02 

2 

Sample*  (run  tholeiitic  »hi«U 

(Pololu  Basalt) 

6 

lUleakala 

182 

0.7510.04 

3 

Sample*  frw*  tholeiitic  ahiuld 

(Honomanu  basalt) 

7 

Kahuolawe 

185 

>l.03l0.1B 

3 

Samples  Iiua  alkalic  poatshield  stage 

(upper  part  of  Kanapou  Volcanic*) 

8 

Ural  Haul 

221 

1.3210.04 

4 

Sample*  from  tholeiitic  shield 

(Vailuku  Basalt) 

9 

Lanai 

226 

1.2810.04 

5 

Sample*  from  tholeiitic  ahield 

(Lanai  Basalt) 

10 

fcaal  Molokai 

256 

1.76*0.07 

3 

Sample*  from  tholeiitic  shield 

(lower  number  of  East  Molokai 
Volcanic*) 

11 

West  Molokai 

280 

1.90*0.06 

3 

Sample*  irom  tholeiitic  shield 

(lower  part  of  West  Molokai 
Volcanic*) 

12 

Koolau 

J39 

2.610.1 

4,6 

Sample*  from  tholeiitic  shield 

(Koolau  Basalt) 

li 

Uaianac 

374 

3.7*0.1 

6 

Sample*  from  tholeiitic  shield 

(lower  member  of  Waianae  Volcanic*) 

14 

Kauai 

S19 

5.1*0.20 

7 

Sample  from  tholeiitic  shield 

(Napali  Member  o(  Wamea  Canyon 

Basalt) 

IS 

Hi  ihau 

56S 

4.8910.11 

8 

Sample#  fro*  tholeiitic  shield 

(Paniau  Basalt) 

ISA 

Kaula 

600 

4.010.2 

21 

Phonolite  froa  postshield  stage  (?) 

17 

Kilioa 

780 

7.210.3 

9 

Sanple*  from  tholeiitic  shield 

20 

Unnaned 

913 

9. 2*0. 8 

20 

Dredged  samples  of  alkalic  basalt 

23 

Mkckor 

1 .058 

10.3*0.4 

9 

Saaple*  (tom  tholeiitic  ahield 

26 

La  Pe rouse 
Pinnae lea 

1,209 

12.010.4 

9 

Saaple*  from  tholeiitic  shield 

27 

Brooks  Bank 

1,256 

13.010.6 

20 

Dredged  saop  lea  of  hawaiite  and 

alkalic  basalt 

)0 

Gardner 

1.435 

12.3*1.0 

20 

Dredged  samples  of  alkalic  and 

Pinnae  Ui 

tholeiitic  basalt 

)6 

Layaan 

t.BIS 

19.9*0.3 

la 

■ugear ite 

37 

Northampton 

1,841 

26.6*2.7 

10 

Dredged  sample*  of  tholeiitic 

Bank 

basalt 

SO 

Pearl  and 

2,281 

20.6*0.5 

ii 

Dredged  **nple*  of  phonolite, 

lie  raw*  lU-ef 

hawaiite,  and  alkalic  basalt 

S2 

Midway 

2,432 

27.7*0.6 

12 

Saop  let  of  mugearite  and  hawaiite 

from  conglomerate  overlying 
tholeiitic  basalt  in  drill  hole 

S7 

Unnamed 

2,600 

28.0*0.4 

11 

Dredged  samples  of  alkalic  basalt 

63 

liana  oed 

2,825 

27.4*0.3 

II 

Dredged  saaple*  of  alkalic  basalt 

6S 

Colahaa 

3.126 

JB. 6*0.3 

13 

Dredged  ample*  of  alkalic  boaalt 

6SA 

Abbott 

3,280 

38.7*0.9 

13 

Dredged  samples  of  tholeiitic  (?) 

basalt 

67 

Datkakuj » 

3.493 

42.4*2.3 

14 

Dredged  samples  of  alkalic  basalt 

69 

Yuryaku 

3,520 

43.4*1.6 

II 

Dredged  saaple*  of  alkalic  basalt 

72 

K Um  i 

3 . 668 

39.9H.2 

14 

Dredged  saaple*  of  alkalic  bsaalt 

74 

Koko 

3,758 

48.1*0.8 

14, 

5 Dredged  saaples  of  alkalic  basalt. 

(southern) 

trachyte,  and  phenol  it* 

61 

Ojin 

4,102 

55.2*0.7 

16 

Sanplca  of  hawaiite  and  tholeiitic 

baaalt  from  DSDP  $tc#  430 

63 

Jingo 

4,175 

55.4*0.9 

17 

Dredged  sanplca  of  hawaiite  and 

mugear i ta 

86 

Nintoku 

4,452 

56.2*0.6 

16 

Sample*  of  alkalic  basalt  fro* 

DSDP  Site  432. 

90 

Soiko 

(aoutbern) 

4,794 

59.6*0.6 

10. 

19  Single  dredged  sample  of  mugearite 

91 

Soiko 

4,860 

64.7*1.1 

16 

Samples  uf  alkalic  arid  tholeiitic 

(central) 

basalt  from  DSDP  Site  433 

Data 

sources ; 

1. 

Porter  and  othur* 

1 1977) 

12. 

Du  1 ryetp  lu  and  other*  ( 197  7) 

2. 

KcOoug-ill  and  Swanson  11972) 

13. 

Duncan 

and  Clague  (1984) 

3. 

Kaugtiton  and  oth. 

a 

t I960) 

14. 

Dwlrympl*  and  Clagu*>  (1976) 

4. 

KcDougall  11964) 

15. 

Claque 

and  Dalryaplc  (1973) 

s. 

Bonhonnet  and  other*  11977) 

16. 

Dslrymple  and  others  (1980a) 

6. 

Doell  and  DalrympU- 

(1973) 

17. 

Dalrymplc  and  Garcia  <1980) 

7. 

KcDougall  11979) 

18. 

Sail© 

and  name  1 1975) 

8. 

C-b.  Da Ir yap  la  (u 

npub.  data,  I9H2) 

19. 

Sat  to 

and  tuima  (1977) 

9 

Dalrymple  and  othera  fl974) 

20. 

Care  la 

and  others  l I9B66) 

10. 

Dalrvmplv  and  other*  119B1) 

21. 

Garcia 

and  others  (1986a) 

n. 

blague  and  other* 

1 197S) 

Digitized  by  Google 


I.  THE  HAWAIIAN  EMPEROR  VOLCANIC  CHAIN  PARTI 


17 


DISTANCE  FROM  KILAUEA,  IN  KILOMETERS 


FkxRE  1.5. —Age  of  voltanoe*  id  Hawaiian  Emperor  Cham  a*  a function  of  diiUncr  from  Kilaura.  Solid  Ime  it  least  squares  cubic  lit  (York  2)  from  table  I 5 and 
represent i average  rate  of  propagation  of  volcarown  of  8.6  — 0.2  cm'yr  Dashed  line  is  two  segment  fit  using  data  from  Kilaura  to  Gardner  and  Laysan  to  Stnko  (table 
1.5}  Radiometric  data  from  table  1.4,  paleontologic  data  discussed  in  text. 


part  of  the  chain.  The  question  of  which  ages  to  use  is  in  any  case 
moot  for  most  of  the  volcanoes  west  of  Kauaj  because  so  few  suitable 
samples  have  been  recovered  that  there  is  rarely  a choice  to  make. 

A majority  of  the  age  data  from  islands  and  seamounts  west  of 
French  Frigates  Shoal  were  obtained  on  alkalic  rocks  rather  than  on 
tholentK  basalt.  This  is  because  the  alkalic  rocks,  being  younger 
than  the  t holm  tic  basalt,  are  more  likely  to  be  recovered  by  dredging 
and  drilling  and  are  more  resistant  to  submarine  alteration  than 
tholentK  basalt.  This  bias  toward  ages  of  alkalic  lava  also  probably 
makes  very  little  difference  because  the  difference  between  the  ages 
of  the  post  shield  alkalic  and  youngest  tholeiitic  rocks  is  only  a few 
hundred  thousand  years  in  the  Hawaiian  Islands  (McDougall, 
l%4,  1969;  Funkhouser  and  others.  I960;  McDougall  and  Swan- 
son, 1972;  Dorll  and  Dalrymple,  1973)  and.  presumably,  in  the 
other  volcanoes  of  the  Hawaiian- Emper or  Chain.  For  one  unnamed 
volcano  on  the  western  Hawaiian  Ridge  (63  in  appendix  I . I and 
table  1.4)  the  only  data  available  are  from  lava  erupted  during  the 


alkalic  rejuvenated  stage.  In  the  principal  Hawaiian  Islands,  lava 
erupted  during  the  rejuvenated  stage  may  postdate  the  tholeiitic 
shield  and  alkalic  postshield  stages  by  more  than  4 m y. 
(McDougall,  1964;  G.B.  Dalrymple.  unpublished  data,  1985),  so 
the  main  shield  of  volcano  63  may  be  several  million  years  older  than 
indicated  in  table  1.4. 

Previously,  age  distance  data  along  the  Hawaiian  Emperor 
Chain  haw  been  regressed  using  a simple  linear  regression  of  age 
(dependent  variable)  on  distance  (independent  variable),  either 
unconstrained  (for  example.  McDougall,  1971,  1979;  Jackson  and 
others,  1972;  McDougall  and  Duncan,  I960)  or  forced  through  the 
origin  (for  example,  Dalrymple  and  others,  1980b,  1981 X The 
resulting  volcanic  propagation  rates  for  the  Hawaiian  segment  of  the 
chain  have  ranged  from  as  little  as  6 cm/yr  (Jackson  and  others, 
1975)  to  as  much  as  15  cm/yr  (McDougall,  1971;  Jackson  and 
others,  1 972  X although  most  recent  estimates  have  been  between  8 
and  10 cm/yr  (McDougall.  1979;  McDougall  and  Duncan,  1980, 
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Dalrymple  and  others,  1981).  Simple  linear  regression  models  have 
the  disadvantages  that  they  presume  no  error  in  distance  and  they  do 
not  take  into  account  the  experimental  errors  of  individual  deter- 
minations. 

We  have  treated  the  data  in  table  1.4  using  a two-error  cubic  fit 
(York  2X  which  allows  for  errors  in  both  age  and  distance  and 
weights  the  data  accordingly  (York,  I969)i  Errors  for  the  age 
determinations  are  straightforward  and  arc  either  provided  in  the 
original  references  or  have  been  estimated  by  us  from  the  array  of 
data  available  on  an  individual  volcano.  Jackson  and  others  (1975) 
estimated  the  cumulative  errors  in  distance  to  be  about  1.5  km  at 
Kilauea  to  as  much  as  20  lun  near  the  western  end  of  the  Hawaiian 
Chain.  We  have  interpolated  and  extrapolated  these  values  to  find 
errors  for  the  distances  in  table  1 .4.  The  results  of  both  the  York  2 


regressions  and  the  two  simpler  regression  models  for  various 
segments  of  the  Hawaiian- Emperor  Chain  are  given  in  table  1.5. 
For  the  entire  chain,  the  average  rate  of  volcanic  propagation  is 
8.6 ±0.2  an/yr  with  an  intersection  (that  is,  theoretical  zero  tune) 
89  km  northwest  of  Kilauea  using  the  York  2 regression.  Ibe  simple 
regression  models  yield  similar,  though  slightly  lower,  values  of 
propagation  rate. 

Rates  of  propagation  for  the  Hawaiian  segment  of  the  chain, 
that  is,  Kilauea  through  Abbott,  have  been  calculated  using  both  the 
maximum  and  minimum  ages  of  tholoitic  volcanism.  The  results  do 
not  vary  with  model  and  range  from  8.6  to  9.2  cm/yr.  For 
comparison,  we  have  included  comparable  calculations  using  the 
average  ages  of  McDougall  (1979)  The  resulting  rales  are  some- 
what higher  than  the  rates  calculated  from  either  the  maximum  or 


Table  1.5.  — Ratei  of  propagation  of  ixJianum  along  xrgmenli  of  the  Haoaban  Emperor  Chain  for  linear  regression 

model i 

f Ratn  are  in  ceatimrten  per  yen/-  Intercept.  m kdcanetert.  and  correlation  coeftnent,  r.  in  pnrenthevn  where  relevant  Snnpir  regret  urn  it  at 
taut  an  distance,  unwegdwd  data;  York  2 bt  w twoerrer  cable.  weighted  data) 


Chain  segment 

Data 

source 

Simple 

Unconstructed 

regression 
Forced  through 
origin 

York  2 
fit 

Havai  ian-Emperor 

table  1.4 

7.810.2 

8.210.1 

8.610.2 

<175,  0.992) 

(89) 

Hava i i an  

table  1.4 

8.610.3 

9.1 10. 2 

9.210.3 

(maximum  ages) 

(102,  0.985) 

(80) 

McDougall,  1979 

9.410.3 

9.910.2 

11.310.1 

(average  ages) 

(91,  0.994) 

(3) 

appendix  1 .1 

8.610.3 

9.110.2 

9.U0.3 

(minimum  ages) 

(119,  0.986) 

(97) 

Emperor 

table  1.4 

6.510.8 

7.910.2 

7.211.1 

Kilauea  to  Gardner  - 

table  1.4 

9.910.3 

10.610.3 

9.610.4 

(57,  0.992) 

(73) 

Laysan  to  Suiko 

table  1.4 

6.910.4 

8.110.2 

6.810.3 

(0.971) 

Gardner  to  Waianae  - 

table  1.4 

9.510.4 

10.110.2 

10.1t0.8 

(54,  0.993) 

(9) 
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minimum  data,  but  the  difference  is  largely  a consequence  of 
differences  in  the  data  sets,  the  ones  in  table  1 .4  and  appendix  1 . 1 
being  more  current. 

Rates  calculated  for  the  Emperor  Chain,  that  is,  Daikakuji  j 
through  Sutko,  are  markedly  lower  than  for  the  Hawaiian  Chain, 
ranging  from  6.5  to  7.2  cm/yr  when  not  forced  through  the  origin. 
Separate  rates  for  these  two  major  segments  of  the  chain  are  only 
meaningful,  however,  if  there  was  a rate  change  at  the  time  of 
formation  of  the  bend.  This  hypothesis  can  be  tested  by  using  the 
linear  equations  found  from  the  York  2 regressions  to  predict  the  age 
of  the  bend,  which  we  estimate  to  be  3,451  km  from  Kilauea  at  the 
position  of  volcano  68.  The  predicted  ages  for  the  bend  are  36. 7 
Ma  and  and  43.0  Ma  for  the  Hawaiian  and  Emperor  segments, 
respectively.  The  Hawaiian  prediction,  which  is  similar  to  the  value 
of  37.8  Ma  found  by  McDougall  (I979X  differs  significantly  from 
the  measured  bend  age  of  43. 1 ± 1.4  Ma  as  determined  from  the 
ages  of  Daikakuji  and  Yuryaku  Seamounts.  This  suggests  that  if 
there  was  a significant  change  in  volcanic  propagation  rate  it  did  not 
occur  at  bend  time,  but  some  time  after,  a conclusion  also  reached  by 

Epp  (I978X 

For  some  time,  it  has  been  apparent  to  us  that  a change  in  rate 
near  or  before  the  time  of  formation  of  Midway  is  consistent  with  the 
available  data  (Dalrymple  and  others,  1980b).  For  example,  the  fits 
of  the  data  for  the  chain  segments  Kilauea-Gardner  and  Laysan  - 
Suiko  are  slightly  better  than  the  fits  for  the  Hawaiian  and  Emperor 
segments  (table  1.5;  fig.  I.5X  The  two  former  lines  intersect  near 
Gardner  Pinnacles  at  an  age  of  about  18  Ma.  Epp  (1978) 
concluded  that  a rate  change  occurred  around  20-25  Ma.  We  have 
tried  various  ways  to  determine  the  most  likely  time  for  a change  in 
the  rate  of  volcanic  propagation,  including  correlation  with  eruption 
volumes  along  the  chain  (see  section  below  on  eruption  rales)  and 
age-predictive  models  for  the  central  parts  of  the  chain,  but  we  are 
not  convinced  that  the  results  are  meaningful.  We  can  only  conclude 
that  the  data  imply,  but  do  not  require,  a change  of  rate  sometime 
after  the  formation  of  the  Hawaii an-Emperor  bend  and  before  or 
near  the  tune  of  formation  of  Laysan  Volcano. 

In  addition  to  the  possibility  of  a major  change  in  the  volcanic 
propagation  rate,  as  discussed  above,  there  are  also  indications  of 
short-term  departures  from  linearity.  Short-term  changes  in  the 
volcanic  propagation  rate  were  first  proposed  by  Jackson  and  others 
(1972)  to  explain  the  apparent  acceleration  of  propagation  dunng 
the  past  5 m.y.  or  so.  They  did  not  suggest  that  short-term  variations 
tn  propagation  rate  reflected  variations  in  relative  motion  of  hot  spot 
and  plate.  Shaw  (1973)  and  Walcott  (1976)  proposed  thermal 
feedback  mechanisms  to  account  for  such  variations  without  varying 
the  relative  rate  of  motion  between  the  hot  spot  and  the  Pacific  plate 
(see  section  below  on  models  X Nonlinear  models  have  been  disputed 
by  McDougall  (1979)  and  McDougall  and  Duncan  (I980X  who 
argue  that  linear  regressions  fit  the  Hawaiian  data  so  well  that  no 
other  model  needs  to  be  considered. 

It  seems  obvious  to  us  from  the  geometry  alone,  however,  that 
the  volcanic  propagation  rates  must  be  nonlinear  in  detail.  If  this 
were  not  so,  then  either  the  volcamsm  would  have  formed  a ridge 
rather  than  individual  volcanoes,  or  the  volcanoes  in  the  chain  would 
be  spaced  in  proportion  to  their  ages  along  a single  line.  Neither  is 


the  case;  the  volcanoes  are  irregularly  spaced  within  a band  some 
200-300  km  wide,  indicating  dearly  that  volcanic  propagation  is 
irregular. 

Although  some  of  the  irregularities  in  the  age-distance  data  no 
doubt  reflect  dating  errors  and  differences  in  the  stage  of  volcanism 
sampled,  some  of  the  deviations  appear  to  be  larger  than  can 
reasonably  be  attributed  to  these  causes.  For  example,  the  ages  of 
Laysan  and  Northampton  Bank  should  differ  by  only  about  0.3 
m.y.  rather  than  the  6.7  m.y.  indicated  by  their  measured  ages.  A 
simitar  discrepancy  occurs  in  the  ages  of  volcanoes  near  the  bend 
(table  1.4;  fig.  1.5X  There  are  also  volcanoes  in  the  chain  that 
appear  to  have  been  active  simultaneously  even  though  they  were 
separated  by  distances  of  hundreds  of  kilometers.  Examples  include 
Laysan.  and  Pearl  and  Hermes,  as  wdl  as  Midway  and  North- 
ampton. Indeed,  Mauna  Loa,  Kilauea,  and  Loihi  are  currently 
active,  erupting  tholeiitic  basalt,  and  are  separated  by  more  than  80 
km. 

The  primary  reason  that  Jackson  and  others  (1972)  suggested 
short-term  nonlmearities  in  propagation  rates  was  the  pronounced 
curvature  in  the  age-distancc  data  from  the  volcanoes  of  the  principal 
Hawaiian  Islands.  When  plotted  as  a function  of  distance  from 
Kilauea,  the  ages  for  these  volcanoes  dearly  indicate  an  accderation 
of  volcanic  propagation  over  the  past  5 m.y.  (Jackson  and  others, 

1 972  X ITiis  curvature  is  also  one  reason  that  virtually  all  regressions 
intersect  the  distance  axis  northwest  of  Kilauea  (table  1.5)  and 
predict  a negative  age  for  that  volcano.  McDougall  (1979)  has 
argued  that  the  curvature  is  caused  by  a bias  toward  young  ages  for 
the  less  eroded  volcanoes,  but  this  cannot  be  so.  Even  though 
Kohala  Mountain  is  relatively  uneroded,  it  is  deeply  incised  on  the 
windward  side  by  several  canyons  whose  floors  are  near  sea  level, 
and  it  is  unlikely  that  further  erosion  will  expose  lava  significantly 
older  than  is  now  exposed.  In  addition,  the  rapid  subsidence  of 
Hawaii  (Moore,  1970)  may  carry  the  oldest  subaenal  lava  flows 
below  sea  level  before  they  can  be  exposed  by  erosion.  Similar 
arguments  can  be  made  for  West  Maui,  Lanai,  Kahoolawe,  East 
Molokai,  and  Koolau  Volcanoes,  where  lava  deep  within  the 
subaerial  part  of  the  tholeiitic  shield  has  been  exposed  by  marine  or 
stream  erosion  or  by  faulting. 

We  have  plotted  the  known  age  range  for  tholeiitic  shield, 
alkalic  postshield,  and  alkalic  rejuvenated -stage  volcanism  for  the 
principal  Hawaiian  volcanoes  in  figure  1.6.  from  which  the  accelera- 
tion of  volcanic  propagation  over  the  past  3-5  m.y.  is  evident.  It  is 
also  clear  from  this  figure  that  the  curvature  in  the  age-distance  data 
is  not  a function  of  which  eruption  stage,  tholeiitic  shield  or  alkalic 
postshield,  is  chosen  to  represent  the  age  of  the  volcanoes.  Further- 
more, a bias  toward  younger  ages  for  the  less  eroded  volcanoes, 
taken  to  include  Kilauea  through  Haleakala,  cannot  produce  the 
curvature  because  older  ages  for  these  volcanoes  would  exaggerate, 
not  lessen,  the  apparent  acceleration.  Hius,  the  acceleration  of 
volcanic  propagation  in  the  principal  islands,  as  proposed  by 
Jackson  and  others  (I972X  appears  to  us  to  be  real. 

While  the  overall  rate  of  propagation  of  volcanism  along  the 
chain  (or  at  least  major  segments  of  it)  may  be  linear  and  reflect  the 
relative  motion  between  the  Pacific  plate  and  the  I lawaiian  hot  spot, 
there  also  appears  to  be  ample  justification  for  retaining  nonlinear 
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FIGURE  1 .6.  — Known  duration*  of  thoIrwiK  tJiwld.  alkalic  po*t*h*rld,  and  alkalic  rrjuvrnntrd  stage  volcaniwn  for  dated  voleanoe*  of  principal  Hawaiian  Islands.  Angled 
I me*  indicate  overlapping  or  uncertain  ages  or  overlapping  volcanum.  Data  from  sources  discussed  m appendix  1.1.  Data  for  Niihau  and  for  Kauai  ( Kofoa  Volcanic* ) are 
from  C.  B.  Dalrymple  (unpublished  data,  198SX 


propagation  on  a small  scale  as  a working  hypothesis.  It  is  unlikely 
that  the  cause  of  this  nonlinear  propagation,  if  real,  will  be  known 
until  more  is  learned  about  the  hot -spot  mechanism. 

ERUPTION  RATES  ALONG  THE  CHAIN 

The  bathymetry  of  the  chain  as  a whole  is  not  well  known, 
particularly  for  the  western  Hawaiian  Ridge,  and  the  1970  charts 


for  the  North  Pacific  (Chase  and  others,  1970)  and  their  1973 
derivative  (Chase  and  others.  1973)  are  probably  still  the  best 
published  sources  available.  An  updated  bathymetric  chart  for  the 
Fjnperor  Seamounts  (Clague  and  others,  1980)  was  based  on  the 
data  used  by  Chase  and  others  (1970)  and  additional  geophysical 
profiles  collected  between  1970  and  1979;  recently  published 
bathymetry  for  much  of  the  central  part  of  the  Emperor  Seamounts 
(Smoot,  1982)  is  based  on  previously  classified  Navy  multibeam 
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data.  The  gross  structure  of  the  Emperor  Seamounts  is  little 
changed  in  the  later  charts,  but  the  shapes  and  locations  of  some 
individual  volcanoes  changed  dramatically  (hg.  1.7). 

Bar  gar  and  Jackson  (1974)  compiled  volume  data  along  the 
chain  and  identified  individual  volcanic  centers  and  their  rift  systems 
using  the  bathymetry  of  Chase  and  others  (I970)l  From  the  more 
accurate  muhibeam  data  it  is  clear  that  many  of  the  volcanic  centers 
and  rift  zones  identified  by  Bargar  and  Jackson  are  incorrect  in 
detail.  Because  the  number  and  general  sizes  of  the  volcanoes  change 
little  on  the  later  charts,  we  have  used  Bargar  and  Jacksons  volume 
estimates  rather  than  engage  in  the  laborious  process  of  calculating 
new  ones  from  the  newer  data.  We  suspect  that  the  volumes  based  on 
muhibeam  data  would  vary  relatively  little  from  those  of  Bargar  and 
Jackson. 

The  cumulative  volume  of  the  volcanoes  is  plotted  in  figure  1 .8 
against  distance  from  Kilauca  beginning  at  Tenchi  Seamount,  500 
km  north  of  Suiko.  It  is  dear  that  the  volume  of  eruptive  products 
per  unit  distance  along  the  chain  has  not  been  constant  over  the  past 
70  million  years. 

We  have  calculated  dVldx,  where  V is  volume  and  x is 
distance,  for  segments  of  the  chain,  which  are  summarized  in  table 
1.6.  Also  listed  are  dx/di,  where  l is  time,  calculated  from  the  age 
relations  along  the  chain,  and  the  derived  quantity  dV/dt  for 
segments  along  the  chain.  These  calculations  clearly  show  that  the 
volumes  erupted  per  unit  distance  along  the  chain  and  per  unit  time 
increase  from  the  Emperor  Seamounts  to  the  Hawaiian  Ridge  and 
to  the  Hawaiian  Islands.  The  present-day  eruption  rate  for  Kilauca 
alone,  when  compared  to  eruption  rates  along  the  1 lawaiian  Ridge 
and  Emperor  Seamounts,  demonstrates  that  the  Hawaiian  hot  spot 
is  presently  producing  large  volumes  of  lava  at  the  greatest  eruption 
rates  in  its  known  history.  The  average  eruption  rate  from  Hualalai 
to  Kilauca  is  5 times  that  for  the  islands  as  a whole  and  nearly  22 
times  the  rate  for  the  entire  chain.  The  only  section  of  the  chain 
where  volumes  do  not  increase  toward  the  present  is  the  westernmost 
section  of  the  Hawaiian  Ridge,  which  formed  immediately  following 
the  change  in  plate  motion  recorded  as  the  Hawaiian -Emperor 
bend.  This  change  in  plate  motion  was  followed  by  a virtual 
cessation  of  volcanic  activity  that  lasted  for  nearly  10  m.y. 

PETROLOGY  OF  THE  HAWAIIAN -EMPEROR 
VOLCANIC  CHAIN 

EARLY  WORK:  LAVA  SERIES  AND  DIFFERENTIATES 

Early  observers  of  Hawaiian  eruptions  rather  uniformly  agreed 
that  the  lava  originated  "in  the  bowels  of  the  earth."  As  time 
progressed  this  view  was  eipanded  upon,  but  it  was  not  until  the  I 
1950's  and  I960's  that  the  lava  source  and  the  processes  generating 
the  various  lava  types  were  discussed  in  detail.  S.  Powers  (1920) 
proposed  that  nepheline  basalt  and  trachyte  were  formed  by  dif- 
ferentiation of  basaltic  magma  because  of  their  occurrence  late  in  the 
eruptive  sequence.  He  wrote  (S.  Powers,  1920,  p.  280):  "Each 
volcano  has  arisen  at  an  intersection  in  a fracture  system  in  the  earth's 
crust,  has  been  fed  from  the  same  primal  source,  and  has  finally  lost 
connection  with  that  source.  When  this  takes  place  differentiation 
may  proceed  in  the  magma  chambers  of  large  volcanoes  and  the 


ectremc  products  of  Hawaiian  volcanism,  nepheline  basalt  and 
trachyte,  may  appear  either  at  the  close  of  the  main  volcanism  or  in  a 
later  phase  after  extensive  erosion." 

This  viewpoint,  that  there  was  a single  primary  Hawaiian 
magma  from  which  the  varieties  of  lava  evolved  by  means  of 
differentiation,  was  popular  well  into  the  1960’s.  H.  Powers  (1935) 
expressed  a similar  view,  although  he  showed  that  fractional  crys- 
tallization alone  could  not  explain  the  differentiation  of  Hawaiian 
basalt.  Macdonald  (1949)  proposed  that  the  sole  primary 
Hawaiian  lava  was  olivine  basalt,  although  his  calculated  average 
included  both  alkalic  and  tholeiitic  olivine  basalt  analyses  (which  he 
did  not  distinguish  at  that  time):  He  also  proposed  that  andesme 
andesite  (hawatkeX  oligoclase  andesite  (mugeariteX  and  trachyte 
were  successive  differentiates  from  an  olivine  basalt  parental  lava. 
This  view  is  now  known  to  be  incorrect  because  Macdonalds 
calculated  olivine  basalt  was  basically  a tholeiitic  basah  in  composi- 
tion. He  further  inferred  that  picritic  basalt  of  the  oeeanite  type 
(here  termed  picritic  tholeiitic  basalt)  formed  by  the  accumulation  of 
olivine  and  that  ankaramite  was  not  an  oeeanite  that  simply  accumu- 
lated clinopyroxene.  This  last  idea  is  correct,  ankaramite  being 
aJkatic  in  composition  whereas  picritic  basah  of  the  oeeanite  type  is 
tholeiitic.  In  order  to  differentiate  ankaramite  and  nepheline  basalt 
from  the  parental  olivine  basalt,  Macdonald  (1949)  proposed  that 
limestone  assimilation  and  selective  remclling  (wall-rock  assimilation) 
were  important  processes.  He  correctly  inferred  that  the  dunite 
xenoiiths  so  common  in  alkalic  lava  from  the  postshieid  and  rejuve- 
nated stages  formed  by  accumulation  of  olivine  followed  by 
recrystallization. 

Tilley  (1950)  recognized  that  the  bulk  of  the  primitive  shields 
was  made  of  tholeiitic  basalt  and  that  alkalic  rocks  erupted  only 
during  the  declining  stages  of  activity.  He  proposed  that  alkalic 
olivine  basak  was  derived  from  tholeiitic  basalt  by  crystal  fractiona- 
tion. H.  Powers  (1935)  had.  however,  earlier  noted  that  primitive 
lava  was  silica  saturated,  whereas  the  late  differentiated  lava  was 
silica  undersaturated;  he  argued  that  these  lavas  could  therefore  not 
be  simply  related  to  one  another  by  crystal  fractionation. 

New  concepts  important  to  understanding  the  origin  of 
Hawaiian  lava  were  introduced  by  H.  Powers  (1955X  He  clearly 
established  that  the  abundant  rocks  termed  olivine  basalt  in  the 
shields  are  silica  saturated  and  noted  that  they  are  compositionaliy 
distinct  for  individual  volcanoes.  He  proposed  the  concept  of 
magma  batches  to  account  for  the  subtle  differences  between  the  lava 
of  different  shields.  He  also  reiterated  that  olivine  basalt  erupted 
during  the  declining  stages  of  activity  is  silica  undersaturated.  HU 
discussion  of  fractionation  trends  for  tholeiitic  and  alkalic  basalt  is 
nearly  identical  to  present-day  views.  He  further  recognized  that 
earthquakes  associated  with  volcanic  activity  gave  a minimum  depth 
of  magma  generation  which  he  took  to  be  48-56  km  (30—35  miles )l 
1 1 is  estimates  of  the  source  rocks  that  could  be  melted  to  produce 
basalt  and  of  the  causes  of  melting  provided  a framework  for 
experimental  research  for  many  years.  In  particular,  he  noted  that 
basalt  could  be  generated  at  depth  by  wholesale  melting  of  rocks  of 
basakic  composition  or  by  partial  melting  of  peridotite.  llie  models 
of  melting  he  considered  all  assumed  that  it  was  caused  by  an 
increase  in  temperature.  I le  dismissed  exothermic  nuclear  processes 
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Figure  1.7. — Companion  of  bathymetry  of  central  Emperor  Seamounts  from  Chase  and  others  (1973.  IcftX  Clague  and  other* ( 1980b;  center)  and  Smoot  (1982;  right  1 
General  sue  and  shape  of  seamounts  were  fairly  well  mapped  by  bathymetric  sounding  (left  and  center),  but  multibeam  bathymetry  (right)  adds  wealth  of  detail.  Contour 
intervals  are  300  fathoms  for  left  and  nght  figures  and  300  m for  center  figure 
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Figure  1 .8. — Cumulative  volcanic  volume  along  Hawaiian- Emperor  Chain  plot- 
ted ai  a function  of  dntance  from  Kilauea  (along  trend  of  chain l Average  volume 
increment  rale  ( dV/'dx ) for  Emperor  Chain  i»  0. 16 x I0J  kmVkm.  Juat  eait  (left) 
of  the  bend  there  a a t of  my  low  volcanic  productivity,  m whach  only 

0 02x10*  km*'km  wa»  erupted.  Remainder  of  submarine  portion  of  the 
Hawaiian  Chain  has  an  average  dVtdx  of  0.20 x I O5  km*  km  In  Hawaiian 
Island*  section  from  Kauai  to  H aleak  ala  can  be  fit  by  0.40  X 1 0J  km  * 'km  and  that 
from  H aleak  ala  to  Kilauea  by  1.1x1 0^  kmVkm. 


in  the  crust  because  Hawaiian  lava  is  not  enriched  m U.  Th,  or  K. 
He  emphasized  convection  from  hotter  regions  deep  in  the  mantle 
and  friction  produced  by  dynamic  processes  (he  proposed  tides). 
His  convection  model  ts  very  similar  to  later  plume  models  and  his 
faction  model  to  at  least  a part  of  later  thermal -feedback  models, 
both  of  which  are  discussed  more  thoroughly  later  in  this  paper. 


Kuno  and  others  (1957)  clearly  demonstrated  that  closed- 
system  crystal  fractionation  of  tholeiitic  basalt  led  to  generation  of 
granophyre  in  the  differentiation  of  thick  lava  bodies.  Tltey  related 
picritic  tholeiitic  basalt,  olivine  tholeiitic  basalt,  tholeiitic  basalt,  and 
granophyre  as  one  differentiation  sequence  and  alkali  olivine  basalt, 
picnte  basalt  of  ankaramite  type  (here  called  ankaramiteX  hawaiite, 
mugearite,  and  trachyte  as  another  differentiation  sequence.  They 
presented  trace-element  data,  which  they  used  to  evaluate  the 
proposed  fractionation  trends.  Most  importantly,  they  dismissed  any 
fractionation  relation  between  tholeiitic  and  alkalic  basalt  and  pro- 
posed that  they  originated  independently  Mthrough  melting  of  the 
earths  material  under  different  sets  of  physical  conditions'*  (Kuno 
and  others,  1957,  p.  214)  They  argued  that  both  lava  types  were 
generated  by  partial  melting  of  peridotite,  but  that  alkalic  basalt  was 
derived  at  greater  depth.  Their  discussion  implies  that  the  source 
rocks  were  homogeneous  and  that  only  the  physical  conditions  of 
melting  varied.  In  addition,  the  alkali-silica  diagram,  widely  used  to 
distinguish  between  tholeiitic  and  alkalic  lava,  was  first  presented  in 
this  paper. 

Eaton  and  Murata  (I960)  published  a detailed  study  locating 
earthquake  epicenters  as  deep  as  60  km  beneath  Kilauea  using 
basically  the  same  data  cited  by  Powers  (1955)  These  observations 
establish  a minimum  depth  of  magma  generation  for  tholeiitic  shield 
lava  of  greater  than  60  km,  although  they  still  allow  for  selective 
melting  (wall-rock  reaction)  at  shallower  depths  (Macdonald, 

1968) 

Macdonald  and  Katsura  (1962,  1964)  established  the 
tholeiitic  character  of  the  early  lava  on  Kohata  and  West  Maui, 
where  the  known  late-stage  lava  is  alkalic.  Iliey  also  demonstrated 
that  the  subtle  variations  in  composition  of  the  tholeiitic  basalt  from 
different  volcanoes  were  unrelated  to  the  type  of  alkalic  cap  that 
followed  (Kohala  or  HaJeakaJa  type)  In  contrast  to  the  interpreta- 
tions of  Tilley  (I950X  H.  Powers  (I955X  and  Kuno  and  others 
(I957X  Macdonald  and  Katsura  (1964)  proposed  that  alkalic 
basalt  formed  by  differentiation  of  tholeiitic  basalt.  They  cited  as 
evidence  the  interbedded  sequence  of  tholeiitic  and  alkalic  Bows, 
including  some  of  transitional  composition,  that  occur  in  Haleakala- 
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type  volcanoes  between  the  tholeiitic  shield  lava  and  the  later  alkalic 
postshield -stage  lava  and  proposed  that  volatile  transfer  might  be  an 
important  differentiation  process.  They  discussed  thoroughly  the 
fractionation  sequences  of  both  alkalic  and  tholeiitic  lava  and  related 
the  Mauna  Kuwale  rhyodacite  to  tholeiitic  lava  of  the  Waianae 
Range. 

The  years  1964-68  produced  new  insights  from  a variety  of 
studies.  The  Erst  isotopic  data  from  Hawaiian  lava  (Lessing  and 
Catanzaro,  1964;  Hamilton,  1965;  Powell  and  DeLong,  1966; 
Tatsumoto,  1966)  clearly  demonstrated  that  the  source  rocks  for 
Hawaiian  lava  were  heterogeneous.  Experimental  studies  at  high 
pressure  and  temperature  (for  example,  O'Hara,  1965;  Green  and 
Ruigwood,  1967)  added  new  data  bearing  on  the  mineralogy  of 
potential  source  rocks  and  the  physical  conditions  of  melting.  At  the 
same  time,  trace- element  data  began  to  be  used  to  evaluate 
Hawaiian  petrogenetic  processes  (Schilling  and  Winchester,  1966; 
Gast,  1968)i  Studies  of  Hawaiian  xenoliths  (White,  1966)  added 
to  the  abundant  new  data  being  used  to  evaluate  the  petrogenesis  of 
Hawaiian  lava  and  the  nature  of  the  source  rocks.  This  period  marks 
a transition  from  relatively  qualitative  models  of  petrogenesis  to 
modem  quantitive  modeling  and  testing  of  basalt  petrogenesis.  To  a 
great  degree  present  day  petrogenic  models  are  based  on  these  same 
types  of  data  and  similar  quantitative  modeling  techniques. 
However,  because  modem  isotopic  and  trace-clement  data  are  more 
accurate  and  precise,  the  models  proposed  are  more  refined  and 
complex. 

Macdonald  (1968)  followed  Green  and  Ringwood  (1967) 
and  proposed  that  the  tholeiitic,  alkalic,  and  nephelinitic  lava  types 
were  derived  from  a single  parent  magma  of  olivine  tholeiitic  basalt 
composition.  He  proposed  that  the  compositional  variations  reflect 
the  depth  at  which  fractional  crystallization  occurred  with  tholeiitic 
basalt  fractionated  at  shallow  depths,  alkalic  basalt  at  moderate 
depths,  and  nephelinitic  lava  at  depths  of  several  tens  of  kilometers. 
He  further  argued  that  the  primary  magma  is  olivine  tholeiitic  basalt 
rather  than  tholeiitic  basalt  because  most  lava  has  lost  olivine,  which 
accumulated  within  the  magma  chambers  to  form  the  high-density 
masses  discovered  by  gravity  surveys  (summary  and  references  in 
Jackson  and  others,  1972).  Macdonald  (1968)  noted  that  the 
highest  temperature  lava  from  the  Kilauea  Iki  eruption  contained 
27-30  percent  olivine  and  proposed  that  this  closely  approximated 
primary  magma.  Wright  (1973)  calculated  the  bulk  composition  of 
the  same  eruption  and  proposed  it  as  a representative  parental  (but 
not  necessarily  primary)  composition  for  Kilauea  tholeiitic  basalt. 
Macdonald  (1966)  presented  quantitative  models  showing  that 
ankaramite  is  alkalic  basalt  plus  olivine  and  clinopyroxene  and  that 
hawante  is  alkalic  basalt  minus  olivine,  clinopyroxene,  plagioclase, 
and  magnetite.  This  type  of  mass-balance  approach  was  later 
refined  by  Wnght  (1971 ) and  Wight  and  Fiske  (1971)  to  demon- 
strate the  roles  of  fractionation  and  hybridization  in  generating  basalt 
at  Kilauea  and  Mauna  Loa.  The  debate  about  whether  primary 
tholeiitic  magma  is  olivine  rich  or  olivine  poor  continues  today  (see 
Wight  and  Hrlz,  chapter  23;  Wight.  1984;  Budahn  and  Schmitt, 
1984)  Extreme  compositions  are  liquids  with  20  percent  MgO 
(Wight,  1984)  and  average  tholeiitic  basalt  with  9 percent  MgO 
(Powers,  1955) 


Macdonald  (1968)  also  calculated  average  compositions  of 
Hawaiian  lava  from  the  different  eruptive  stages.  His  average 
compositions,  recalculated  on  a dry- reduced  normalized  basis,  are 
presented  in  table  1.7.  These  averages  clearly  show  that  lava  of  the 
tholeiitic  shield  stage  is  silica  saturated  and  that  of  alkalic  postshield 
and  rejuvenated  stages  is  silica  undersaturated.  The  presence  of 
normative  hypersthene  in  the  mugeante,  bcnmoreitc,  and  trachyte, 
which  are  derived  from  undersaturated  alkalic  basalt,  reflects  frac- 
tionation of  be-Ti  oxides,  which  enriches  the  residual  melt  in  silica. 
Rejuvenated-stage  alkalic  basalt  contains  greater  than  5 percent 
normative  nepheline,  and  average  nephelinite  and  nepheline  melilitite 
contain  normative  leucite.  Alkalic  basalt  of  the  preshield  and 
rejuvenated  stages  are  similar  in  composition.  The  preshield  Loihi 
Seamount  averages  are  calculated  from  Moore  and  others  (1982) 
Frey  and  Clague  (1983)  and  D.A.  Gague  (unpub.  data,  1985) 

XENOLITH  DISTRIBUTIONS 

In  a detailed  analysis  of  the  xenolith  populations  in  Hawaiian 
lava,  Jackson  (1968)  subdivided  the  xenoliths  into  dikes  and  sills, 
cumulates,  and  metamorphic  rocks.  His  breakdown  of  the  relative 
abundances  and  types  of  xenoliths  is  given  m table  1 .8,  modified  to 
include  xenoliths  found  in  Loihi  Seamount  alkalic  preshield  lava. 
Jackson  noted  that  only  those  xenoliths  with  metamorphic  textures 
could  represent  either  mantle  source  rocks  or  mantle  residua  left  after 
partial  melting.  The  dikes,  sills,  and  some,  but  not  all,  of  the 
cumulate  rocks  are  cognate  or  from  shallow  depths.  The  cumulate 
xenoliths  from  Hualalai  Volcano  appear  to  come  from  a variety  of 
sources,  including  cumulates  formed  as  part  of  oceanic  crustal  layer 
3,  cumulates  of  tholeiitic  Hawaiian  shield  lava,  and  cumulates  of  lava 
from  the  alkalic  postshield  stage  (D.A.  Clague,  unpub.  data, 
1985)  The  single  cumulate  xenolith  from  Loihi  Seamount  presum- 
ably represents  a cumulate  of  ocean  crustal  layer  3. 

Jackson  and  Wright  (1971 ) proposed  that  the  abundant  dunite 
xenoliths  in  the  Honolulu  Volcamcs  represent  residue  left  after 
melting  the  mantle  to  form  Koolau  shield  tholciitc,  an  interpretation 
with  which  we  disagree.  Jackson  and  Wright  (1971)  inferred  that  the 
garnet  Iherzolitc  and  Iherzolite  found  only  in  alkalic  lava  from  the 
rejuvenated  stage  were  potential  mantle  source  rocks.  The  difference 
in  xenolith  populations  for  the  three  alkalic  eruptive  stages  is  striking 
since  only  the  lava  from  the  preshield  stage  and  rejuvenated  stage 
contain  xenoliths  that  formed  at  depths  greater  than  about  20  km. 
Although  it  would  be  useful  if  these  xenolith  populations  reflected  the 
mantle  through  which  the  lava  ascends,  it  seems  more  likely  that  they 
reflect  the  development  of  shallow  magma  storage  reservoirs,  which 
act  as  hydraulic  filters  and  remove  xenoliths  carried  up  from  greater 
depths  m much  the  same  way  as  lakes  remove  sediment  from  rivers. 

Lava  stored  in  a shallow  magma  reservoir,  either  within  a few 
kilometers  of  the  surface  or  at  the  base  of  the  oceanic  crust,  lose  any 
xenoliths  they  may  have  acquired  during  ascent  and  from  this  point 
can  only  entrain  xenoliths  that  occur  at  shallower  levels  in  the 
volcanic  system.  However,  lava  of  the  preshield  and  rejuvenated 
stages  erupts  in  small  volumes  at  infrequent  intervals  and  probably 
no  shallow  magma  storage  reservoirs  exist.  During  the  shield  stage, 
tholeiitic  lava  erupts  in  large  volumes  at  frequent  intervals  from  a 
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TaBLE  1.7. — Antra ft  tompotitioru  and  nonrn  of  major  Hawaiian  L*<a  types 

[ Al  i*um  • paceM.  - not  pmr«.  NurnuHivr  rampenmtt  c-akultlrd  with  FVO'FV.O.  ralm*  S»r  Mncdonnld  ( l%8)  hx  remainder  cf  mxm*  iof  al  but  lix  jlubc  preslurld  tUgr 

Dm*  for  »IL*Ik  prriUrld  »U«r  (tow  Krry  and  CUcur  (I 963 I and  D A CUgur  (unpub.  drfa.  1985)] 
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shallow  magma  storage  reservoir  and  perhaps  a deeper  staging  zone 
(see  review  by  Decker,  chapter  42)  During  the  alkalic  postshield 
stage,  lava  erupts  in  small  volumes  at  infrequent  intervals,  though  in 
larger  volumes  and  at  more  frequent  intervals  than  during  the  alkalic 
preshield  or  rejuvenated  stages.  During  this  stage,  lava  apparently 
resides  in  reservoirs  below  the  base  of  the  oceanic  crust  (Clague  and 
others,  1981)  for  tune  periods  sufficient  for  the  dense  peridotite 
xenoliths  to  settle  out.  Tholeiitic  lava  at  Kilauea  passes  through  two 
such  filters,  one  an  intermediate-depth  (20-30  km)  staging  area,  the 
second  a well-defined  and  complex  shallow  reservoir  system  3-7  km 
beneath  the  surface.  After  passing  through  these  filters,  the  lava  can 
only  incorporate  as  xenoliths  the  wall  rocks  occurring  at  depths 
shallower  than  the  shallowest  reservoir  (dikes,  sills,  and  olivine 
cumulates)  Alkalic  lava  of  the  postshield  stage  contains  abundant 
xenoliths  of  dunite.  which  have  C02  inclusions  that  were  trapped  al 
depths  of  at  least  13  km,  and  cumulate  xenoliths  of  rocks  from 
oceanic  crustal  layer  3 (Roedder.  1963;  D.A.  Clague,  unpub. 
data.  1983)  These  observations  suggest  that  in  the  postshield  stage 
any  shallow  magma  chamber  of  the  shield  stage  no  longer  exists  but 


an  intermediate  staging  area  at  20-30  km,  similar  to  that  beneath 
Kilauea,  acts  as  an  effective  filter  that  removes  any  Iherzolite  or 
garnet  pendotite  xenoliths.  Lava  may  fractionate  in  this  zone  and, 
upon  movement  to  the  surface,  entrain  xenoliths  of  ocean  crust  rocks 
and  cumulates  formed  in  earlier  volcanic  stages  at  shallow  depth. 
The  presence  of  xenoliths  that  originate  at  great  depth  in  alkalic  lava 
of  both  the  preshield  and  rejuvenated  stages  implies  that  neither 
shallow  nor  intermediate  staging  area  acts  as  an  effective  filter  in 
these  stages.  The  near -primary  character  of  the  host  lava  also 
indicates  that  the  lava  was  not  stored  at  shallow  depths  but  rather 
moved  from  its  source  region  to  the  surface  in  short  time  periods 
(Clague  and  Frey,  1982) 

This  analysis  leads  us  back  to  Jacksons  (1968)  conclusion  that 
only  the  xenoliths  with  metamorphic  lectures  could  possibly  be 
mantle  source  rocks  or  residua.  We  conclude  that  only  the  Iherzolite 
and  garnet  peridotite  xenoliths  represent  mantle  rocks  from  below 
the  magma  storage  zone  that  appears  to  have  ousted  beneath 
Hawaiian  shield  volcanoes  at  depths  of  20-30  km.  The  dumte  and 
wehrlite  xenoliths  are  either  deformed  cumulates  formed  during 
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TaBI  J7  1.8. — Distribution  of  Hmtianan  xenobth  types 
[Data  from  Jacluon  (I960)  CKcpt  the  alkalic  pmhirid  >t*tc  »b*ch  u froro  D.A.  Ciagur  (unpub  data.  1985)] 
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earlier  stages  in  the  volcanos  growth  or  cumulates  formed  during 
formation  of  oceanic  crust  (see  Sen,  1983,  1983;  Kura  and  others, 
1983;  Sen  and  Presnall,  I985)t 

Hie  remaining  xenoliths  of  spinel  Iheraolite,  rare  harzburgile. 
and  rare  garnet  peridotite  that  occur  in  alkalic  lava  of  the  rejuvenated 
stage  and  even  more  rarely  in  alkalic  lava  of  the  preshield  stage 
therefore  are  the  only  xenoliths  of  deeper  mantle  material.  Spinel 
Iheraolite  xenoliths  have  many  characteristics  that  imply  a close 
genetic  relationship  to  midocean  ridge  basalt;  however,  both  the  Sr- 
isotopic  and  rare-earth  data  indicate  that  these  xenoliths  have  been 
enriched  by  mixing  between  residua  left  after  formation  of  midocean 
ridge  basalt  and  an  enriched  magma  or  vapor  (Frey  1980,  1984; 
Wright,  1984;  Frey  and  Roden,  in  press ) These  xenoliths  probably 
represent  depleted  oceanic  lithosphere  modified  by  processes  related 
to  Hawaiian  magraatism. 

The  final  group  of  xenoliths  consists  of  pyroxenite.  webstente, 
and  gamet-beanng  pyroxenite  and  websterite.  These  occur  in  only  a 
few  vents  of  the  alkalic  rejuvenated  stage  in  the  Honolulu  Volcanics 
(Jackson  and  W'Vight,  1970)  and  on  Kaila  Island  (Garcia,  Frey, 
and  Grooms,  in  press)  These  rocks  occur  both  as  separate  xenoliths 
and  as  layers  in  xenoliths.  Some  of  these  xenoliths  have  been  called 
garnet  Iheraolite  (Jackson  and  Wright,  1970),  but  they  are  not 
merely  a higher  pressure  assemblage  of  spinel  Iheraolite  because  their 
bulk  compositions  are  distinct  (Jackson  and  Wright,  1970;  Sen, 


1983).  13ie  iron-rich  olivine  in  all  the  xenoliths  of  this  group  led  Sen 
(1983)  to  argue  that  they  represent  neither  source  rocks  nor  residua 
related  to  Hawaiian  lava.  Frey  (I960,  1984)  has  argued  that  they 
may  represent  crystal  accumulates  from  alkaline  Hawaiian  magma. 
We  conclude  that  none  of  the  xenoliths  found  in  Hawaiian  lava 
represent  mantle  source  rocks  or  residua  related  to  Hawaiian 
volcanism.  They  do.  however,  provide  insight  into  the  conduit 
systems  through  which  much  of  this  lava  passed. 

Jackson  and  Weight  (1970)  demonstrated  that  xenoliths  in  the 
Honolulu  Volcanics  were  compositionally  zoned  in  a geographic 
sense  with  respect  to  the  Koolau  caldera;  abundant  dunite  near  the 
caldera  grades  into  Iheraolite  and  finally  garnet -bearing  websterite 
and  pyroxenite  away  from  the  caldera.  Jackson  and  Wright  (1970) 
combined  these  observations  with  experimental  petrologic  and 
geophysical  data  to  construct  a cross  section  through  the  mantle  and 
crust  beneath  Oahu  (fig.  1.9).  Their  cross  section  emphasizes  the 
mineralogic  and  compositional  heterogeneity  of  the  mantle  beneath 
Hawaiian  volcanoes.  However,  the  origins  of  many  of  the  rock  types 
are  now  thought  to  be  different  from  those  proposed  by  Jackson  and 
Wright  (1970)  A more  recent  model  by  Sen  (1983)  shows  pla- 
giodase  Iheraolite  beneath  the  oceanic  crust  to  a depth  of  about  30 
km  (defined  by  the  limit  of  plagioclase  stability)  spinel  Iheraolite 
from  30  to  nearly  50  km,  and  garnet  Iheraolite  below  about  50  km. 
The  zone  beneath  the  volcanoes  includes  cumulate  dunite  to  depths 
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FIGURE  1.9. — Croat  tertian  beneath  Oahu  from  Jackson  and  Wright  ( 1970), 
Dunvle  zooe  inferred  to  lx  mantle  residue  left  behind  from  partial  melting  that 
form  Koolau  tholentK  shield  lava.  Configuration  of  rock  types  and  then  mode  of 
origin  are  far  different  from  those  thown  in  figure  1 . 10. 


o f about  15  km  (fig.  1.10}  The  areal  distribution  of  xenoliths 
observed  by  Jackson  and  Wight  (1970)  reflects  passage  of  the 
Honolulu  Volcanic*  lava  through  the  zone  of  dunite  cumulates. 

PETROLOGY  OF  LAVAS  ALONG  THE  VOLCANIC  CHAIN 

In  the  middle  to  late  1970  s new  studies  added  data  to  the 
already  complex  data  array  on  Hawaiian  volcanoes.  Studies  on  lava 
recovered  from  the  older  submarine  portions  of  the  chain  (Claguc, 
1974;  Dalrymple  and  others.  1974,  1977,  1981;  Clague  and 
others.  1975;  Dalrymple  and  Clague,  1976;  Kirkpatrick  and 
others,  I960;  Clague  and  Frey,  1980;  Lanphere  and  others,  I960; 
Dalrymple  and  Garcia,  1980;  Garcia,  Grooms,  and  Naughton.  in 
press)  dearly  demonstrate  that  the  volcanoes  of  the  entire  Hawaiian  - 
Emperor  volcanic  chain  erupted  tholeiitic  basalt  and  picritic 
tholeiitic  basalt  similar  to  those  of  the  shield  stage  in  the  I lawaiian 
Islands.  In  addition,  alkalic  lava  similar  to  that  erupted  during  the 
postshield  stage  in  the  Hawaiian  Islands,  including  hawaiite. 
mugeante  and  trachyte,  is  commonly  recovered  from  the  older 
volcanoes.  In  the  drill  holes  on  Ojin  and  Suiko.  tholeiitic  lava  occurs 
below  alkalic  lava,  as  in  the  Hawaiian  Islands.  Some  samples  arc 


FIGURE  1 . 10. — Cion  section  beneath  Oahu  from  Sen  (.1963)  thcnvtng  conftgwa- 
tion  of  vonout  mantle  tourer  and  rrwdtu!  rock*  brought  lo  surface  at  senolitlkt  of 
ahundanl  dumtr.  lhrrzohtr.  and  ganrt  pmdotile  by  rrjuvmated-ttagr  Honolulu 
Volcanic*. 


chemically  and  raineralogically  similar  to  alkalic  rejuvenated-stage 
lava  from  the  Hawaiian  Islands  (table  1.2}  The  identification  of 
which  dredged  or  drilled  lava  samples  erupted  during  which  eruptive 
stage  relies  on  comparison  of  the  major-element  compositions  to 
those  of  the  various  Hawaiian  lava  types  (table  1.7)  in  conjunction 
with  trace-element  ratios  (Clague  and  Beeson.  1980;  Claguc  and 
others,  1980c;  Frey  and  Clague,  1983)  and  mineral  compositions 
(Keil  and  others,  1972;  Fodor  and  others,  1975;  Clague  and 
others,  1980a}  In  particular,  we  have  found  that  the  composition  of 
groundmass  pyroxene  and  the  K/Ba  and  P2OyrZr  ratios  seem  to 
separate  alkalic  basalt  of  the  postshield  and  rejuvenated  stages. 
Rejuvenated-stage  alkalic  basalt  has  lower  K/Ba  and  higher 
P20^fZ.r  ratios  and  pyroxene  with  more  calcic  compositions  and 
higher  concentrations  of  Na,  Ti,  and  Al  than  postshield -stage 
alkalic  basalt.  Lava  samples  recovered  from  the  volcanoes  west  erf 
the  principal  Hawaiian  Islands  are  discussed  in  appendix  l.l  and 
summarized  in  table  1.9. 

Several  conclusions  may  be  drawn  from  these  studies  of 
samples  from  along  the  Hawaiian  Fmperor  Chain.  The  first  con- 
clusion is  that  the  Hawaiian  hot  spot  has  produced  very  similar  lava 
types  in  the  same  eruptive  sequence  for  at  least  the  last  65  m.y. 
(table  1.10}  Samples  from  the  same  eruptive  stage  are  similar  to  one 
another  in  both  major  and  trace -element  compositions,  including 
rare-earth  elements  (Clague  and  Frey,  1980;  Frey  and  Roden,  in 
press}  Isotopic  studies  indicate,  however,  that  small  systematic 
changes  occur  over  time  (Lanphere  and  others,  I960;  Unruh  and 
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TABLE  I — Ratk  type*  and  inferred  volcanic  Uafei  represented  along  the  Havanan  Emperor  C ham 
[X.  pmc«l. , Ml  pmnl  or  not  lumm.  (Tl  Irtnulnul.  volcano  number*  (ran  R«r|M  and  Jackaon  (1974)) 
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29 
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39 

50 

51 
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69 
72 
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81 
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Kilauua  — — — — 

Hauna  Loa — - — - 

Huaialai  

Mau  na  Kea 

Koha la  

Haleakala  ——————— 

Kahoolowe  — 

West  Haul  

East  Molokai  

Lanai  —————— 

Weal  Molokai  -------- 

Koolau — — --- 

Waianae  ——————— 

Kauai  — — — — 

Niihau  — — — — — 

Kaula  — 

Nihoa  ——————— 

Unnamed  Seanount  ------ 

Unnamed  Seanount 

Unnaned  Seanount  — — 

Necker  

La  Perouae  Pinnae  lea  — 

Gardner  Pinnae  lea 

Brooks  Bank  — — — — 

St.  Rogatein  Bank  

Laysan  — — — — — — 

Northampton  Bank  — — 
Pioneer  Bank  — — — — 

Pearl  and  Hermes  Reef  - 
Ladd  Bank  — — — — — 

Midway  Island  — — — 

Hero  Bank  — - — 

Unnamed  Seamount  

Unnamed  Seamount  

Colahan  Seamount  

Abbott  Seamount  ------ 

Daikakiyi  Seamount  — — 
Yuryaku  Seamount  — — 
Kimmei  Seamount  — ----- 

Koko  Seamount 
(southeast) 

Koko  Seamount 
(northwest)  — — — . 

Oj  in  Seamount 

Jingu  Seamount  ------ 

Hint oku  Seamount  ------ 

Suiko  Seamount 

(southern)  

Suiko  Seamount 
(central)  ----------- 

Meiji  Seamount  


* Dredges  from  unnaned  seamount  (63)  and  Colahan  Seamount  recovered  ankaranite,  tephrite,  and 
amphibole-bear ing  hawaiite  that  are  probably  rejuvenated  stage  lava. 
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Tahiti  1. 10. — Compaubon  of  tholeiitic  batah  from  coAronoo  of  the  Hawaiian-Empaor  Chain 

j Al  h«urr«  ■ «mb>  pomt,  dry  ndtcrd  normalized  «"  t »gr  unalyv*.  ahvmr  aifcird  or  miitraclnl  u>  ilui  Mg  (Mg+-0  85  Fr)  - 0 70;  ...  not  nulyird;  PiO%  nlw  ■ purndinn  » high  due  to 
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others.  1983).  The  lower  ^Sr/^Sr  ratio*  and  higher  ,4>Nd/,44Nd 
ratios  of  lava  from  the  central  Emperor  Seamounts  compared  to 
those  of  lava  from  the  Hawaiian  Islands  and  Ridge  imply  that 
tholeiitic  lava  erupted  65  m.y.  ago  was  derived  from  a more  depleted  j 
source  than  that  erupting  today.  Lanphere  and  others  (I960) 
correlated  this  observation  with  the  data  shown  in  figure  1.3  to 
suggest  that  the  chemistry  of  Hawauan  tholeutic  lava  has  varied  as  a 
function  of  the  age  and  thickness  of  the  oceanic  lithosphere  beneath 
each  volcano  when  it  was  constructed.  The  correlation  suggests  that 
the  oceanic  lithosphere  forms  at  least  part  of  the  source  material  for 
Hawaiian  tholeiitsc  magma,  or  that  the  magma  partially  reequili- 
brates with  the  oceanic  lithosphere.  Wright  (1984)  proposes  that 
Hawaiian  magma  originates  from  oceanic  lithosphere  converted  to 
asthenosphere. 

STRATIGRAPHIC  STUDIES  IN  THE  HAWAIIAN  ISLANDS 

Studies  of  5tratigraphically  controlled  samples  (Beeson,  1976; 
Clague  and  Beeson.  1980;  Chen  and  Frey,  1983;  Clague  and 
others,  1983;  Feigenson,  1984;  Lanphere  and  Frey,  1985)  have 
shown  that  major -element,  trace-element,  and  isotopic  ratios  change 
systematically  as  a function  of  time  at  some  Hawaiian  volcanoes. 
These  observations  are  not  universal  (Stille  and  others,  1983;  Frey 
and  others.  1984)  in  as  much  as  Waianae  and  Mauna  Kea  erupted 
isotopKally  similar  lava  during  the  tholeutic  shield  and  alkalic 
postshield  stages.  Chen  and  Frey  (1983)  observed  systematic 
stratigraphic  trends  m *7Sr/*5r.  Rb/Sr.  ,43Nd/,44Nd,  and  Snv' 
Nd  ratios  in  samples  from  East  Maui  Volcano.  Ilieir  data  indicate 
that  the  tholeutic  lava  had  higher  tt7Srltt6Sr  and  Sm/Nd  ratios  and 


lower  ,4,/Nd  |,44Nd  and  Rb/“Sr  ratios  than  the  later  alkalic  lava 
from  the  postshicld  and  rejuvenated  stages.  They  proposed  a 
complex  mixing  model  to  aplain  the  apparent  paradox  of  having 
more  radiogenic  isotopic  ratios  combined  with  more  depleted  trace- 
element  ratios  in  the  same  rocks.  Their  model  proposes  two  sources, 
a primitive  mantle-plume  source  and  a depleted  oceanic -lithosphere 
source,  which  can  mix  before  melting  or  can  produce  partial  melts 
which  then  mix.  They  argue  that  small  amounts  of  small -percentage 
melts  from  the  oceanic  lithosphere  (midocean-ridge  source)  are 
mixed  with  enriched  mantle  or  with  melts  derived  from  enriched 
mantle.  Tins  model  is  similar  to  earlier  selective-melting  models 
qualitatively  proposed  by  Green  and  Ringwood  (1967)  and  Mac- 
donald (1968).  It  would  also  be  possible  to  mix  small-percentage 
melts  of  enriched  mantle  with  the  oceanic- lithosphere  source 
(basically  an  enrichment  model)  to  create  the  source  rocks  for 
Hawaiian  magma  (Clague  and  others,  1983;  Chen  and  Frey, 
I985X  although  the  measured  and  calculated  compositions  do  not 
match  as  closely  as  in  the  model  of  Chen  and  Frey  ( 1983).  All  these 
models  predict  a range  of  source  compositions  from  which  the  lava  is 
generated. 

Other  studies  emphasize  the  bulk  composition  of  the  source 
rocks  and  the  processes  and  physical  conditions  of  the  melting 
process.  For  ocampie,  Clague  and  Frey  (I982X  from  a detailed 
trace-element  analysis  of  the  rejuvenated  stage  Honolulu  Volcanics 
on  Oahu,  concluded  that  lava  ranging  from  nepheline  melilitite  to 
alkalic  basalt  was  generated  by  2-11  percent  partial  melting  of  a 
homogeneous  garnet  (<10  percent)  Iherzolite  source  that  was  carbon 
bearing.  The  source  had  been  recently  enriched  and  had  a 
chondritc- normalized  La/Yb  ratio  of  4.4.  During  melting,  phlo- 
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gopite,  amphiboJc,  and  a Ti-rich  phase  (oxide?)  remained  in  the 
residua,  but  apatite  was  completely  melted.  This  model  can  be 
combined  with  the  model  of  Chen  and  Frey  (1983)  to  generate  the 
source  composition  indicated  for  the  Honolulu  Volcanic*  (see  Roden 
and  others,  1984).  The  homogeneous  composition  of  the  mantle 
source  for  the  Honolulu  Volcanic*  implies  that  the  recent  enrichment 
event  affects  a large  volume  of  depleted  mantle  from  which  the  lava  is 
then  generated  by  partial  melting.  This  is  not  the  same  process 
espoused  in  the  model  preferred  by  Chen  and  Frey  (1983)  in  which 
enriched  mantle  or  partial  melts  of  enriched  mantle  mix  with  partial 
melts  of  depleted  mantle.  Note  that  all  these  models  consider  only 
two  mixing  end  members,  whereas  the  isotopic  data  clearly  indicate 
that  at  least  three  distinct  source  compositions  are  required  (Tat* 
sumoto,  1978;  Staudige!  and  others.  1984).  Fetgcnson  (1984) 
proposed  three-end-member  mixing  models  for  Kauai  lava  but  did 
not  identify  the  trace-element  signatures  of  the  source  components. 

The  generation  of  large  volumes  of  tholeiitic  lava  has  been  the 
focus  of  recent  studies  by  Wright  (1984)  and  Budahn  and  Schmitt 
(I984X  who  used  different  approaches  and  reached  dramatically 
different  conclusions.  Wright  (1984)  used  mass-balance  considera- 
tions to  calculate  the  components  and  abundance  of  material  that 
must  be  added  to  depleted  lithosphere  to  generate  Hawaiian 
tholeiitic  basalt  by  large  percentages  of  partial  melting  (35-42 
percent  melting)  His  models  did  not  attempt  to  calculate  the 
variations  in  source  composition  for  tholeiitic  basalt  from  the  dif- 
ferent volcanoes  (Leeman  and  others,  1977,  I960;  Basaltic  Vol- 
canism  Study  Project,  1981)  Budahn  and  Schmitt  (1984)  used 
inverse  procedures  to  estimate  the  variations  in  source  composition 
required  to  generate  the  tholeiitic  basalt  from  a number  of  Hawaiian 
volcanoes.  Their  estimated  sources  had  74-86  percent  olivine  plus 
orthopyroxene,  11-21  percent  clmopyroxene,  and  3-5  percent 
garnet.  All  the  calculated  sources  had  slightly  enriched  light-rare- 
earth-elemenl  contents,  and  low  heavy-rare-earth  abundances  (0.9 
to  1 .6  times  chondrites).  They  calculated  the  partial  melting  at  2-10 
percent  for  these  sources.  Budahn  and  Schmitt  (1984)  did  not 
address  the  processes  that  led  to  creation  of  these  different  source 
compositions,  nor  did  they  consider  the  volumes  of  mantle  source 
regions  required,  or  the  constraints  on  the  production  of  partial  melts 
provided  by  Kilaueas  magma  supply  and  eruption  processes. 
Wright  s (1984)  model  follows  from  consideration  of  these  additional 
constraints.  The  large  difference  between  the  models  of  Wright 
(1984)  and  Budahn  and  Schmitt  (1984)  emphasizes  the  uncertain- 
ties concerning  the  compositions  and  processes  that  create  the  source 
rocks  and  the  lava  of  the  Hawaiian  Islands. 

PETROLOGIC  STUDIES  OF  LOIHI  SEAMOUNT 

Studies  of  Loihi  Seamount  have  provided  new  insight  in 
magma  genesis  in  the  Hawaiian  Islands.  I race-element  and  isotopic 
studies  demonstrate  that  the  source  rocks  beneath  a single  volcano 
are  heterogeneous  and  require  at  least  three  mantle  components 
(Frey  and  Clague,  1983;  Lanphere,  1983;  Staudigel  and  others, 
1984)  Perhaps  more  important  is  the  observation  of  very  high 
,He/4He  ratios,  which  imply  a primitive  undegassed  source  of 
volatiles  (Kaneoka,  chapter  27;  Kurz  and  others,  1983;  Ri&on  and 


Craig,  1983;  Kaneoka  and  others.  1983)  The  ratio  of  *He/4He  is 
inversely  related  to  the  volume  of  the  volcanoes  on  the  Island  of 
Hawaii  (Kaneoka,  chapter  27;  Kurz  and  others,  1983)  suggesting 
that  at  smaller  volcanoes  lava  is  generated  from  sources  that  are 
largely  primitive  and  not  degassed.  Another  observation  is  that 
Hawaiian  volcanoes  initially  erupt  alkalic  lava  generated  from 
heterogeneous  source  compositions  by  rather  small  percentages  of 
partial  melting  (Moore  and  others,  1982;  Frey  and  Clague.  1983) 
The  evolutionary  sequence  at  a Hawaiian  volcano  is  therefore  from 
small- volume,  infrequent  eruptions  of  small-percentage  melts  to 
large- volume,  frequent  eruptions  of  large- percentage  melts,  and  then 
back  to  small-volume,  infrequent  eruptions  of  small-percentage  melts 
(Wise,  1982) 

PETROLOGIC  OVERVIEW 

In  summary,  the  petrology  of  lava  from  along  the  Hawaiian - 
Emperor  Chain  indicates  that  at  least  three  source  materials  are 
involved  in  the  generation  of  Hawaiian  lava;  one  of  these  sources  is 
apparently  the  depleted  ocean  lithosphere,  whereas  another  is 
relatively  primitive  undegassed  mantle.  Ihe  third  component  is  less 
well  defined.  Since  multiple  sources  are  required,  mixing  of  these 
sources  or  of  melts  generated  from  these  sources  must  occur.  The 
compositions  of  lava  along  the  chain  apparently  are  related  to  the  age 
(thickness)  of  the  underlying  oceanic  lithosphere;  the  volcanoes 
formed  on  younger  and  thinner  oceanic  lithosphere  were  generated 
from  a source  with  a larger  component  of  the  depleted  ocean 
lithosphere.  Detailed  overviews  of  the  petrology  of  Hawaiian 
tholeiitic  lava  and  Hawaiian  alkalic  lava  are  presented  in  Wtigbt  and 
Hetz  (chapter  23)  and  Clague  (in  press)  respectively. 

Volcano  volume  reflects  the  degree  of  melting  of  the  tholeiitic 
basalt  and  probably  also  the  size  and  frequency  of  intrusion  of 
magma  batches.  The  inverse  correlation  of  volcano  volume  with 
JHe/4He  ratio  in  tholeiitic  basalt  indicates  that  smaller  percentage 
melts  are  derived  from  sources  with  more  of  the  primitive  component 
and  larger  percentage  mehs  are  derived  from  sources  with  less  of  the 
primitive  component.  Volcano  volumes  and  compositions  of  the 
shield  tholeiitic  basalt  are  also  related,  less-ennehed  tholeiitic  basalt 
forms  larger  shields  and  more-cnriched  tholeiitic  basalt  forms  smaller 
shields  (Clague  and  Frey  1979)  although  this  correlation  is  imper- 
fect. Models  developed  in  the  future  should  address  the  problem  of 
characterizing  the  isotopic  and  trace-element  compositions  of  the 
three  mantle  components  and  address  the  timing  and  processes  of 
mixing  of  these  sources.  13>e  source  volumes  inferred  from  different 
melting  models  must  be  considered.  Wrights  (1984)  model  requires 
only  modest  source  volumes,  whereas  the  model  of  Budahn  and 
Schmitt  (1984)  requires  partial  melting  of  a mantle  zone  100  km 
thick  and  100  km  wide  to  generate  the  volcanoes  of  the  principal 
Hawaiian  Islands.  Such  enormous  inferred  volumes  of  mantle  source 
rock  pose  numerous  problems  for  n yodels  advocating  small -percen- 
tage melting  to  generate  the  tholeiitic  shields. 

A separate  problem  is  the  cause  of  the  alkalic  rejuvenated 
stage.  Jackson  and  Wright  (1970)  used  tide-gage  data  from  Moore 
(1970)  to  suggest  that  generation  of  the  rrjuvenatrd-stagr  Honolulu 
Volcamcs  might  be  caused  by  uplift  as  Oahu  has  passed  ovtt  the 
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Hawaiian  Arch.  They  argued  that  the  Hawaiian  Arch,  an  isostatk 
response  to  volcanic  loading  on  the  oceanic  crust,  follows  the 
progression  of  active  volcanic  centers  by  several  hundred  kilometers 
and  several  million  years.  Clague  and  others  (1982)  showed  that  the 
duration  of  the  quiescent  period  preceding  eruption  of  the  rejuve- 
natrd-stage  lava  has  decreased  systematically  from  nearly  2.3  m.y. 
on  Nuhau  to  <0.4  m.y.  at  Haieakala  (see  fig.  1 .6X  n*ey  suggested 
that  a new  mechanism  should  be  sought  to  ccplain  the  age  data.  We 
have  reexamined  the  data  and  conclude  that  they  arc  consistent  with 
the  model  proposed  by  Jackson  and  Wight  (1970)  because  the  rate 
of  volcanic  migration  is  increasing.  The  rejuvenated  stage  follows  the 
formation  of  the  shield  not  by  a constant  time  but  by  a constant 
distance.  The  rejuvenated -stage  Koloa  Volcanics  on  Kauai  and 
Kiekie  Basalt  on  Nlihau  began  erupting  during  formation  of  the 
koolau  shield  located  180-225  km  to  the  southeast.  Likewise,  the 
Honolulu  Volcanics  on  the  Koolau  Range  of  Oahu  began  erupting 
during  formation  of  the  East  Maui  shield  located  160  km  to  the 
southeast.  The  rejuvenated -stage  Kalaupapa  Volcanics  on  East 
Molokai  erupted  during  formation  of  the  Mauna  Kea  shield  located 
200  km  to  the  southeast.  Finally,  the  rejuvenaled-stage  Hana 
Volcanics  on  East  Maui  began  erupting  dunng  formation  of  the 
Mauna  Loa  shield,  located  160  km  to  the  southeast.  In  each  case, 
the  lava  of  the  rejuvenated  stage  began  erupting  during  formation  of 
a large  shield  1 90 ± 30  km  to  the  southeast.  The  Hawaiian  Arch  is 
about  250  km  from  the  center  of  the  volcanic  ridge,  but  only  2 10  km 
to  the  east -southeast  of  Hawaii  (Walcott.  1970).  It  is  therefore  likely 
that  a factor  in  magma  generation  dunng  the  rejuvenated  stage  is  the 
rapid  change  from  subsidence  to  uplift  as  the  volcanoes  override  the 
Aouiral  arch  created  by  formation  of  large  shields.  To  the  northwest 
of  the  Hawaiian  Islands  the  rates  of  volcanic  propagation  were 
dower  and  more  constant;  we  predict  that  lava  of  the  rejuvenated 
stage  will  postdate  the  shield  stage  by  2—3  m.y.  We  also  suggest  that 
the  apparent  paucity  of  lava  from  the  rejuvenated  stage  to  the 
northwest  of  the  Hawaiian  Islands  may  reflect  the  absence  of  large 
volcanic  edifices  capable  of  flexing  the  lithosphere  sufficiently.  Like- 
wise, the  absence  of  any  lava  samples  of  tbe  rejuvenated  stage  from 
the  Emperor  Seamounts  may  result  from  the  rather  wide  spacmg 
between  volcanic  edifices;  by  the  time  the  next  younger  volcano 
formed,  the  previously  constructed  volcano  was  already  beyond  the 
arch,  live  fact  that  the  Emperor  volcanoes  were  constructed  on 
young,  thin  lithosphere  would  amplify  this  effect  because  the  dis- 
tance from  tbe  load  to  tbe  flexural  arch  decreases  as  the  lithosphere 
becomes  less  rigid. 

FIXITY  OF  THE  HAWAIIAN  HOT  SPOT 

Wilson's  original  hypothesis  for  the  origin  of  the  Hawaiian  and 
other  island  chains  by  passage  of  the  crust  over  a source  of  lava  in  tbe 
mantle  (Wilson,  1963a,  b,  c)  did  not  require  that  the  hot  spot  be 
fixed,  only  that  it  have  some  motion  relative  to  the  crust  above  it. 
Morgan  (1972a,  bX  on  tbe  other  hand,  specified  that  a worldwide 
system  of  thermal  plumes  (hot  spots)  was  fixed  in  the  mantle  and  that 
the  relative  movement  between  them  was  small  or  negligible.  Several 
workers  (for  example.  Minster  and  others,  1974;  Gordon  and 
Cape,  1981 ; Morgan,  1981 ) have  shown  from  relative  plate  motions 


and  paieomagnetic  and  other  data  that  Morgans  hypothesis  of 
relative  hot-spot  fixity  is  basically  correct,  but  that  the  fixity  of  the 
hot-spot  frame  of  reference  with  respect  to  the  spin  axis,  particularly 
in  early  Ccnozoic  and  Late  Cretaceous  times,  is  not  established. 


PALEOMAGNETfC  TESTS  OF  HOT-SPOT  FIXITY 

Age  data  along  the  chain  have  shown  that  there  has  been  more 
or  less  continuous  relative  motion  between  the  Hawaiian  hot  spot  and 
the  F*acific  plate,  thereby  proving  the  kinematic  aspect  of  tbe  hot- 
spot hypothesis,  but  these  data  have  little  or  no  bearing  on  tbe 
question  of  hot-spot  fixity.  The  lava  flows  that  form  volcanoes  of  the 
Hawaiian- Emperor  Chain,  however,  contain  a nearly  continuous 
magnetic  record  of  the  latitude  of  the  Hawaiian  hot  spot  for  the 
entire  Cenozoic  and  the  latest  Cretaceous.  Although  only  a small 
fraction  of  this  magnetic  record  has  been  read,  there  are  now 
sufficient  data  to  provide  a partial  test  of  the  fixity  hypothesis  for  the 
Hawaiian  hot  spot.  Paieomagnetic  data  from  volcanoes  along  the 
chain  show  that  the  Hawaiian  hot  spot  (and  thus  presumably  tbe 
worldwide  hot-spot  frame)  has  been,  to  a first  approximation,  fixed 
with  respect  to  the  spin  axis  since  the  tune  of  formation  of  the 
Hawaiian -Emperor  bend.  The  limited  data  indicate,  however,  that 
there  was  motion  between  the  hot  spot  and  the  spin  axis,  that  is,  true 
polar  wander,  before  that  time. 

The  paleolatitudes  of  several  Hawaiian- Emperor  volcanoes,  as 
determined  from  paieomagnetic  studies  on  individual  rock  samples 
and  from  shipboard  magnetic  surveys,  are  given  in  table  1 . 1 1 and 
plotted  in  figure  1 . 1 1 as  a function  of  volcano  age.  In  general,  the 
data  indicate  that  the  Hawaiian -Emperor  volcanoes  formed  not  at 
their  present  latitudes  but  at  a latitude  near  the  present  latitude  of 
Hawaii.  Thus,  the  latitude  of  the  Hawaiian  hot  spot  has  been 
approximately  fixed  throughout  the  Cenozoic.  The  data  are  not  of 
uniform  quality,  however,  and  some  care  must  be  exercised  in  their 
interpretation. 

Tbe  paieomagnetic  data  have  been  discussed  and  evaluated  by 
Jackson  and  others  ( 1 980),  Kono  ( 1 980 X and  Sager  ( 1 984 X who 
point  out  that  the  paieomagnetic  sampling  of  Meiji,  Nintoku,  Ojin, 
Midway,  Nihoa,  and  the  Island  of  Hawaii  involved  a small  number 
of  lava  flows,  making  it  doubtful  that  the  secular  variation  is 
adequately  averaged  out.  The  errors  for  the  Ojin  and  Nintoku  sites 
reflect  this  uncertainty,  but  there  is  reason  to  suspect  that  the  errors 
assigned  to  the  paleolatitudes  of  Midway.  Meiji,  and  Nihoa  are  too 
small.  Thts  is  because  of  the  unusually  low  dispersions  and  the 
likelihood  of  serial  correlation  of  some  of  the  flows,  which  further 
decreases  the  number  of  independent  measurements  from  the  sites. 

Hie  paleolalitude  of  1 7. 5°  ±5°,  determined  for  Suiko  by 
Kodama  and  others  (1978)  from  magnetic  survey  data,  is  suspect 
for  several  reasons.  First,  the  magnetic  anomaly  over  Suiko  is 
complex,  resulting  in  a low  statistical  test  of  fit  (R-  l.l)  for  the 
inversion.  Second,  it  is  likely  that  Suiko  is  constructed  from  several 
coalesced  volcanoes  (Bargar  and  Jackson,  I974X  possibly  of  dif- 
ferent ages,  and  the  necessary  assumption  of  uniform  magnetization 
is  probably  invalid  for  this  seamount.  In  addition,  the  paleolatitude 
is  inconsistent  with  that  obtained  from  the  paieomagnetic  study  of 
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Table  l.ll. — f\AeoLpituJes  determined  far  ixdrannei  of  the  Havanan- Emperor 
Chain 

[Fitea  |Mimm*gj*rt«r  nwanimnPtiH  cm  U*«  Ifcwi  and  from  dupfxwd  magnftx  ww>i  (SMl 
Date  fnwn  neri|iJ  ■!».*■  tiy  Kono  (1980)  and  Sager  ( 1964);  ihr  more  rrhable  data  (Sager. 
1964)  — rjrrird,  unrertaitilm  are  rite  rakm  ai  ays) 


Vol 

Huaber 

MHaa 

Hunker  o l 
t Iowa 

determined 

latitude 

(degree! 

north) 

Paleolat itude 
(degree* 
north) 

>•2,4, 

Ki  Laura,  Maun*  Laa 

IT 

19,3 

19.6*1.4 

1.2.) 

MuiUUi  (HuCorkcil) 

lUttIMI,  Maun,  1.04 

8 

19.5 

17.7*10.7 

12 

Mauna  K«a( dated) 
Koulau 

33 

21.4 

16.8*3.6 

1) 

Waiartaa 

33 

21.5 

15.7*3.3 

14 

Kauai  (Makawrli  Krafcrt, 
Kaiaaa  Caayan  huaUJ 

23 

22.0 

13.6*3.1 

14 

Kauai  (Napali  Member, 
Waiaaa  Canyon  Bata  It) 

44 

22.1 

14.9*3.1 

17 

Nitvoa 

14 

23.1 

21 .0*6.6 

52 

Midway 

13 

26.2 

15.4*5.4 

43* 

Abbott 

(SMi 

31  .4 

17.5*2.4 

SI 

Ojia 

b 

36.0 

17.6*13.2 

46 

Mintaku 

4 

41.3 

36.0*24.6 

91 

Sviko 

(SM) 

44.6 

16.7*5 

91 

Suiko 

63 

44.6 

27.1*3.^ 

104 

M*iji 

6 

33.0 

19.2*4.1 

Suiko  (Kono,  I980X  which  is  the  best  study  of  its  kind  for  any  of  the 
volcanoes  in  the  chain. 

Sager  ( 1 984)  included  m his  compilation  two  additional  deter- 
minations from  the  principal  Hawaiian  Islands  that  we  have  chosen 
to  omit  from  table  l.ll.  These  include  a group  of  1 29  flows  from  the 
Islands  of  Hawaii  and  Niihau,  and  a second  group  of  19  flows  from 
Kauai.  Both  groups  include  flows  from  the  rejuvenated  stage  that 
were  erupted  several  million  years  after  the  hot  spot  had  moved 
(relatively)  southeastward  to  form  new  tholentic  shields.  Although 
both  of  these  determinations  were  included  by  Sager  in  his  list  of 
more  reliable  paleolatitude*,  they  are  so  close  to  the  present  position 
of  the  hot  spot  that  their  elimination  has  no  significant  impact  on  the 
conclusions  drawn  from  the  data. 

Taken  at  face  value,  the  more  reliable  paleolatitude  data  (fig. 
l.ll)  indicate  that  the  Hawaiian  hot  spot  may  have  been  a few 
degrees  south  of  its  present  position  during  the  late  Cenozoic,  near  its 
present  position  when  Abbott  Seamount  formed  at  about  39  Ma, 
and  7°  north  of  its  present  position  at  Suiko  time,  65  Ma.  Analyses 
of  palcoequator  (Sager,  1984)  and  worldwide  paleomagnetic  data 
(Livermore  and  others,  I983X  however,  show  that  there  has  been 
little  or  no  motion  of  the  spin  axis  relative  to  the  worldwide  hot-spot 
frame  dunng  the  past  40  m.y.  or  so.  From  this  comparison  of 
independent  data  Sager  (1984)  concluded  that  the  apparent  south- 
ward displacement  of  the  Hawaiian  hot  spot  shown  by  the  data  from 
younger  volcanoes  in  the  chain  (hg.  l.ll)  reflected  changes  in  the 
magnetic  held  rather  than  relative  movement  between  the  hot  spot 
and  the  spin  axis. 

The  apparent  displacement  indicated  by  the  Suiko  data, 
however,  is  probably  real.  The  Suiko  paleolatitude  is  based  on 
analysis  of  a large  number  of  flows  (table  l.ll)  recovered  by  coring 
over  an  interval  of  550  m (Kono,  1980)  Fvcn  when  certain  flows 
thought  to  represent  a very  short  time  interval  are  grouped,  there  are 


still  a minimum  of  40  independent  data.  There  are  also  12  places  in 
the  cores  where  the  inclination  changes  by  more  than  15°,  which 
indicates  that  at  least  1 3 secular  variation  cycles  have  been  sampled, 
making  it  likely  that  secular  variation  has  been  adequately  averaged 
out.  Other  paleomagnetic  stability  indices  indicate  that  27. 1°±  3.5° 
is  a highly  reliable  measure  of  the  Latitude  of  formation  of  Suiko 
Seamount  (Kono.  I960) 

BIOFACIES  AND  TEMPERATURE  DATA  FROM  THE 
HAWAIIAN. EMPEROR  CHAIN 

Although  northward  displacement  of  the  Hawaiian  hot  spot 
relative  to  the  spin  axis  is  only  indicated  by  the  single  paleolatitude 
from  Suiko,  it  is  supported  by  a variety  of  additional  data.  Analysis 
of  Pacific  deep-sea  sediment  cores,  for  example,  shows  that  the 
paleoequator  was  I0D-I6°  farther  north  than  at  present  between 
about  75  Ma  and  65  Ma  (Sager,  1 984  X 

Biofacies  data  from  DSDP  Leg  55  drilling  in  the  Fmperor 
Seamounts  provide  semiquant itative  substantiation  of  the  Suiko 
paleolatitude.  *Ihe  bioclasttc  sediment  on  Suiko,  Nintoku.  and  Ojin 
Seamounts  consists  primarily  of  coralline  algae  and  bryozoans  with 
ostracodes,  foraminifers,  and  assorted  shell  fragments  typical  of  a 
shallow- water,  high-energy  environment  (Jackson  and  others,  I980X 
Only  a single  coral  was  found  in  the  Suiko  material,  and  none  was 
recovered  from  either  Ojin  or  Nintoku,  indicating  that  corals  were 
not  significant  contributors  to  the  carbonate  buildups. 

Schlanger  and  Konishi  (1975)  have  pointed  out  that  carbonate 
buildups  in  the  Pacific  can  be  divided  into  bryozoan- algal  and  coral- 
algal  facies,  the  distribution  of  which  depends  largely  on  water 
temperature  and  solar  insolation  and  thus  is.  to  a large  degree,  a 
function  of  latitude.  They  observe  that  in  the  modem  Pacific,  the 
coral -algal  facies  dominates  at  latitudes  less  than  about  20°,  whereas 
the  bryozoan- algal  facies  is  predominant  above  about  30°  latitude. 
Iliey  locale  the  boundary  between  these  facies  at  about  25°  latitude, 
but  emphasize  that  the  transition  is  gradual.  In  the  central  Pacific, 
the  annual  surface-water  temperature  at  25°  latitude  is  about  22  °C 
(Muromtsev,  I958X  which  is  usually  considered  the  minimum  for 
active  coral-ajgal  reef  growth  (Vaughn  and  Wells,  1943;  Heckel, 
I974X  The  optimum  temperature  for  vigorous  reef  growth  is  25^-29 
°C.  Thus,  the  existence  of  carbonate  buildups  of  the  bryozoan-algal 
facies  atop  Ojin,  Nintoku,  and  Suiko  Seamounts  indicates  that  the 
reefs  atop  the  volcanoes  formed  in  water  temperatures  less  than 
about  22  °C. 

Using  the  oxygen -isotope  temperature  data  of  Savin  and  others 
(1975)  for  the  North  Pacific.  Greene  and  others  (1978)  recon- 
structed the  approximate  latitude  variation  through  time  for  the  20 
X.  and  22  “C  isotherms  (fig.  1.12)  ITcy  showed  that  if  the 
Hawaiian  hot  spot  were  fixed,  then  Suiko  Seamount  would  have 
1 formed  in  water  warm  enough  to  have  developed  active  coral-algal 
reefs.  Following  the  analysis  of  Greene  and  others  (I978X  Jackson 
and  others  (1980)  showed  that  the  Paleocene  water  temperature  at 
the  latitude  determined  by  the  paleomagnetic  data  from  Suiko  was 
appropriate  for  the  bryozoan-algal  carbonates  that  occur  imme- 
diately above  the  basalt. 
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POTASSIUM  ARGON  AGE  IMa) 

Fk.I  'MK  1 . 1 I.  — Paicolatitixle  plaited  against  age  for  volcanoes  along  Hawaiian- Emperor  Chain  C roues,  present  Latitude;  dots  and  circles,  paleolatitudes  determined  from 
paleomagnetic  data;  tnangles,  paleolatitudes  determined  from  shipboard  magnetic  survey*.  More  reliable  data  indKaled  by  solid  symbols.  Error  bars  show  ai»y.  Dashed 
reference  line  o backtracked  position  of  hot  spot  relative  to  Pacific  plate  assuming  a constant  velocity  of  8 ctsvyr  Palromagnetic  data  from  table  1 . 1 1 , age  data  from  table 
1 . 4 and  appendix  1.1. 


The  paucity  of  coral  material  on  seamounts  in  the  central  lime  Abbott  Seamount  formed  just  after  formation  of  the  Hawaiian  - 

Emperor  Chain  is  in  contrast  to  Koko  and  the  seamounts  on  the  Emperor  bend;  the  slightly  cooler  temperatures  indicated  by  the 

bend,  where  corals  are  more  common  but  still  less  abundant  than  in  carbonate  faoes  and  temperature  data  from  the  bend  seamounts  are 

a region  of  vigorous  coral  reef  growth  (Davies  and  others,  1971,  ! probably  related  to  the  sudden  drop  in  ocean  temperature  in  the  late 
1972;  Matter  and  Gardner,  I975X  Oxygen -isotope  temperatures  of  Eocene  rather  than  to  a more  northerly  hot  spot, 

carbonate  diagenesis  for  Suiko,  Nintoku,  Ojin,  and  Kammu  Sea-  Thus,  the  paleomagnetic  data  from  Suiko,  the  biofacies  and 

mounts  (McKenzie  and  others,  1 980)  show  a gradual  warming  from  temperature  data  from  the  central  and  southern  Emperor  Sea- 

Suiko  to  Koko.  at  least  in  part  caused  by  southward  migration  of  the  mounts,  and  the  Pacific  paleoequator  data  all  indicate  southward 

hot  spot  (Jackson  and  others,  1980).  Thus,  the  biofacies  and  migration  of  the  Hawaiian  hot  spot  in  the  early  Tertiary  and  Late 

paleotemperature  data  from  Leg  55  are  consistent  with  the  pal-  Cretaceous.  This  conclusion  is  consistent  with  previous  findings, 

eomagnetic  data,  indicating  a latitude  of  27°  for  the  hot  spot  at  Suiko  based  on  analysis  of  worldwide  paleomagnetic  data  in  the  hot-spot 

time.  The  data  are  also  consistent  with  Sager's  (1984)  suggestion  frame  of  reference,  of  about  10°  of  southward  movement  of  the  hot 

that  the  hot  spot  had  reached  its  approximate  present  latitude  by  the  spot  frame  relative  to  the  spin  axis  (that  is.  true  polar  wander  ) 
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Figure  1 . 12.  — Approxanate  posilion  of  20  X'  *nd  22  °C  surface  water  isotherms 
hi  north -central  Pacific  during  Cenoroic , modihed  from  Greene  and  others  ( 1 9781 
based  an  data  of  Savin  and  others  (19751  Dots,  palroUtitiides  of  Stako  Seamount 
assuming  (hat  Stako  formed  at  27"  N . and  that  hot  spot  has  been  fixed  since  Ume  of 
bend  formation.  Circles,  paleolatitudes  for  Suiko  assuming  a fixed  hot  spot  for  past 
65  m y.  Squares,  positions  of  formation  of  Koko  Seamount  and  bend  under  same 
assumptions.  Backtracking  was  about  an  Emperor  pole  at  lal  1 7"  N. . long  1 07" 
W.  and  a Hawaiian  pole  at  lal  69“  N. . long  68"  W.  (Hague  and  jarrard.  19731 
The  22  "C  isotherm  ts  approximate  boundary  between  coral-algal  (warmer)  and 
bryoroan- algal  (colder)  facies  of  Schlangrr  and  Komshs  ( 19751 


during  the  latest  Cretaceous  and  earliest  Tertiary  (for  example. 
Gordon  and  Cape,  1981;  Jurdy,  1981,  1983;  Morgan,  1981; 
Gordon,  1982)i 

The  paleolatitude  of  I7.5°±4.4°  N.  found  for  Abbott  Sea- 
mount puls  the  Hawaiian  hot  spot  at  about  its  present  latitude  by  40 
Ma,  which  is  consistent  with  the  conclusion  of  Livermore  and  others 
(1983)  that  true  polar  wander  did  not  occur  during  the  past  35  m.y. 
The  paleoequalor  analysis  of  Sager  (1984)  suggests  that  there  was 
no  true  polar  wander  after  formation  of  the  bend,  that  is,  after  43 
Ma.  This  requires  approximately  7.6°  of  southward  latitudinal 
motion  of  the  hot  spot  between  65  Ma  and  43  Ma  and  5°  of 
northward  motion  of  the  Pacific  plate  in  order  to  satisfy  the  relative 
motion  of  about  0.65°  latitude  per  million  years  indicated  by  the 
age-distance  data. 

COMPARISON  TO  OTHER  PACIFIC  LINEAR  ISLAND  CHAINS 

Another  way  of  evaluating  the  movrmrnt  of  hot  spots  is  to 
compare  the  orientation  and  age  progression  quantitatively  along 
volcanic  chains  formed  during  the  same  time  period  on  the  same 
plate.  Several  studies  (Clague  and  Jarrard,  1973;  Jackson,  1976; 
Jarrard  and  Clague.  1977;  Epp,  1978;  McDougall  and  Duncan. 
I960;  Turner  and  others,  1980;  and  Duncan  and  Clague,  1985) 


have  attempted  such  evaluations  for  the  Pacific  plate  since  Morgan 
(1971)  first  proposed  the  technique.  Most  of  the  linear  volcanic 
chains  in  the  Pacific  basin  arc  oriented  roughly  west-northwest  and 
apparently  formed  sequentially  over  nearly  stationary  hot  spots 
during  the  last  43  m.y.  as  the  Purihc  plate  rotated  clockwise  about  a 
pole  located  near  lal  69°  N.,  long  683  W.  (Clague  and  Jarrard, 
I973>  Another  group  of  linear  chains  exhibit  roughly  north-trending 
orientations  and  apparently  formed  by  the  same  mechanism  between 
at  least  80  M a and  43  Ma  as  the  Pacific  plate  rotated  clockwise 
about  a pole  located  near  lat  17°  N.,  long  107°  W.  (Clague  and 
Jarrard,  1973). 

The  hot  spots  that  formed  the  Hawaiian.  Austral-Cook, 
Society,  Marquesas,  Caroline,  Pitcaim-Gambier,  Samoan,  and 
Islas  Revilla  Gigedos  island  chains  and  the  Pratt -Welker  and  Cobb- 
Eickdberg  seamount  chains  moved  very  little  with  respect  to  one 
another  (Duncan  and  Clague,  1985).  The  most  convincing  evidence 
that  hot  spots  move  with  respect  to  one  another  comes  from  the 
orientation  of  the  Marquesas  Islands,  which  is  discordant  by  about 
25°  with  that  predicted,  implying  motion  of  the  Marquesas  hot  spot 
to  the  northeast  with  respect  to  the  hot-spot  reference  frame  at 
several  centimeters  per  year  (Jarrard  and  Clague,  1977)  during  the 
last  5 m.y.  The  rates  of  volcanic  migration  along  the  chains  younger 
than  43  Ma  fit  a pole  of  rotation  at  lat  68°  N. , long  75°  W.  and  an 
angular  rotation  rale  of  0.95°±0.02°/m.y.  (Duncan  and  Clague, 
I985X 


CAUSE  OF  THE  HAWAIIAN-EMPEROR  BEND 

An  especially  knotty  problem  over  the  past  decade  has  been 
the  relationship  between  Pacific  sea-floor  spreading,  worldwide 
plate  motion,  and  the  Hawaiian -Emperor  bend.  Since  there  is  now 
firm  evidence  that  the  motion  of  the  hot-spot  frame  was  small  during 
the  early  Cenozoic  and  has  been  negligible  since  then,  the  120°  angle 
in  the  Hawaiian- Emperor  bend  must  represent  a major  (circa  60°) 
change  in  the  absolute  motion  of  the  Pacific  plate.  Since  the  motions 
of  individual  plates  are  not  independent,  we  would  expect  such  a 
significant  change  to  be  part  of  a worldwide  reorganization  of  both 
absolute  and  relative  plate  motions.  Various  authors  have  suggested 
that  the  bend  might  correlate  with  circum- Pacific  tectonic  events 
(Jackson  and  others,  1972;  Clague  and  Jarrard,  1973;  Moore, 
1984),  that  it  may  be  caused  by  the  collision  of  India  and  Eurasia 
(Dalrymple  and  Clague,  1976),  or  that  it  may  be  the  result  of  new 
subduction  zones  along  the  southwestern  margin  of  the  Pacific  plate 
(Gordon  and  others,  1978).  However,  completely  satisfactory  cor- 
relations have  not  been  achieved. 

A major  feature  of  the  northeast  Pacific  magnetic -anomaly 
pattern  is  the  major  change  in  the  trend  of  the  magnetic  anomalies, 
that  is,  the  magnetic  bight,  between  anomalies  24  and  21.  Recon- 
struction of  the  Pacific  plate  shows  that  this  change  in  the  anomaly 
pattern  is  the  result  of  a change  ui  spreading  about  the  Pacific -Kula- 
Farallon  triple  junction,  in  particular  the  cessation  of  spreading  on 
the  KuJa  Ridge  (Scientific  Party  DSDP  55.  1978;  Byrne.  I979X 
This  occurred  perhaps  as  early  as  anomaly  24  but  no  later  than  the 
time  of  anomaly  21,  which  is  approximately  the  time  of  the  major 
change  in  spreading  direction  between  Greenland  and  Europe  (Vogt 
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and  AveTy,  1974)  and  shortly  before  an  apparent  increase  in  the 
frequency  of  geomagnetic  reversals  (Jacobs,  I984X  The  change  in 
anomaly  orientation  can  also  be  correlated  with  numerous  events 
associated  with  worldwide  reorganization  of  plate  motions  (Rona 
and  Richardson,  I978)i 

The  early  magnetic  time  scales  of  Hcirtzler  and  others  ( 1 968) 
and  LaBreque  and  others  (1977)  put  anomaly  21  at  about  54-53 
Ma  and  52-51  Ma  (corrected  for  new  K decay  and  abundance 
constantsX  respectively,  which  implies  a lag  of  at  least  10  m.y. 
between  the  reorganization  of  Pacific  magnetic  anomalies  and  the 
formation  of  the  Hawaiian- Emperor  bend  at  43.1  ±1.4  Ma 
(Dalrymplc  and  Clague,  1976).  More  recent  time  scales,  however, 
have  narrowed  this  somewhat  awkward  gap.  Ness  and  others 
(I960)  put  anomaly  21  at  about  49-48  Ma,  Lowrie  and  Alvarez 
(1981)  at  about  48.5-47.5  Ma,  and  Butler  and  Coney  (1981 ) at 
about  47 -46  Ma.  As  suggested  by  Butler  and  Coney,  a lag  of  3-4 
m.y.  is  close  enough  to  suggest  a causal  relationship  between  the 
relative  motion  change  represented  by  the  magnetic  bight  and  the 
absolute  change  represented  by  the  Hawaiian- Emperor  bend. 

Gordon  and  others  (1978)  suggested  that  the  change  in 
direction  of  the  FWific  plate  at  -'-43  Ma  was  caused  by  the 
development  of  new  trenches  along  the  southwestern  boundary  of  the 
plate.  These  new  trenches,  which  replaced  an  earlier  set  of  ridges 
and  transform  faults,  were  the  result  of  rifting  of  Australia  from 
Antarctica  and  the  accompanying  convergence  of  the  AustraJia- 
Indian  and  Pacific  plates.  Gordon  and  others  (1976)  suggest  that 
some  time  would  have  elapsed  before  the  subducting  plate  would 
have  been  long  enough  and  dense  enough  to  exert  sufficient  torque  on 
the  Pacific  plate  to  change  its  direction  of  motion.  This  could  explain 
the  lag  between  the  timing  of  reorientation  of  the  magnetic  anoma- 
lies, which  record  the  change  in  relative  plate  motion,  and  the  age  of 
the  Hawaiian-Emperor  bend,  which  records  the  change  in  absolute 
plate  motion.  The  duration  of  the  lag  time  would  depend  on  the  rate 
of  plate  convergence.  As  noted  by  Gordon  and  others  (1978)  a lag 
time  of  perhaps  as  much  as  10  m.y.  might  be  explained  if  con- 
vergence were  sufficiently  slow.  Their  mechanism  is  more  plausible, 
however,  if  the  lag  can  be  shortened  to  a few  million  years,  as  now 
seems  likely. 

HAWAIIAN  HOT-SPOT  MODELS 

Although  there  is  now  little  doubt  that  the  Hawaiian-Emperor 
Chain  owes  its  origin  to  a hot  spot  that  has  been  approximately  fixed 
with  respect  to  the  Earths  spin  axis  throughout  the  Cenozoic,  there 
is  scant  information  concerning  the  exact  mechanism  involved.  Even 
the  term  “hot  spot”  may  be  misleading,  for  excess  heat  is  not 
necessarily  involved.  Alternatively,  it  could  be  the  result  of  pressure 
release  in  a mantle  source  area  (Green.  1971;  McDougali,  1971; 
Jackson  and  others,  1972) 

A successful  hypothesis  for  the  Hawaiian  hot-spot  mechanism 
must  explain  the  propagation  of  volcamsm  along  the  chain,  the  near- 
fixity  of  the  hot  spot,  the  chemistry  and  timing  of  the  eruptions  from 
individual  volcanoes,  and  the  detailed  geometry  of  volcamsm, 
including  volcano  spacing  and  departures  from  absolute  linearity. 
Over  the  past  decade  or  so  several  mechanisms  have  been  advanced 


to  explain  how  a linear  chain  of  volcanoes  might  be  progressively 
erupted  onto  the  sea  floor,  but  most  are  highly  generalized  and  suffer 
from  lack  of  detail.  Few  of  the  hypotheses  address  all  of  the 
kinematic  and  petrological  issues,  and  none  seems  to  be  amenable  to 
experimental  test.  Nonetheless,  they  are  interesting  speculations  on 
solutions  to  an  extremely  difficult  problem. 

All  of  the  proposed  mechanisms  can  be  grouped  into  four  basic 
types: 

1 . Propagating  fracture  driven  by  lithospheric  stresses. 

2.  Thermally  or  chemically  driven  convection. 

3.  Melting  caused  by  shear  between  the  lithosphere  and  the 
asthenosphere. 

4.  Mechanical  injection  of  heat  into  the  lithosphere. 

PROPAGATING-FRACTURE  HYPOTHESES 

Dana  ( 1 849)  was  the  first  to  associate  the  Hawaiian  volcanic 
chain  with  crustal  fracturing.  He  proposed  that  the  Hawaiian  and 
other  volcanic  chains  in  the  Pacific  were  each  emplaced  along  a scries 
of  short  echelon  fractures  (or  “rents")  that  were  widest  at  the 
southeast  end  where  volcamsm  was  the  most  prolonged.  He  consid- 
ered these  fractures  to  be  part  of  a worldwide  system  reflecting 
tension  in  the  crust  resulting  from  cooling  of  the  Earth  from  an 
initially  molten  state.  S.  Powers  (1917)  agreed  that  the  eruptions 
occurred  through  a superficial  set  of  echelon  fractures  following  the 
trend  of  the  chain,  but  he  attributed  the  trend  to  some  deeper  seated 
lines  of  weakness.  Chubb  (1934)  thought  that  the  Hawaiian  swell 
represented  the  surface  manifestation  of  a broad  anticline  trending  in 
the  direction  of  the  chain  and  produced  by  compression  oriented 
north-northeast  and  south-southwest.  He  proposed  that  the 
Hawaiian  volcanoes  erupted  along  strike  faults  and  dip  faults  atop 
and  aligned  with  the  anticline. 

Betz  and  Hess  (1942)  found  no  evidence  of  vertical  displace- 
ment along  fault  scarps  but  thought  that  the  chain  might  be  the 
manifestation  of  a great  transcurrent  strike-slip  fault  resulting  from 
crustal  shortening  within  the  Pacific  basin  caused  by  Tertiary 
volcamsm  along  the  margins  of  the  basin.  In  view  of  the  Earths 
sphericity,  the  straightness  of  the  chain  indicated  to  them  that  the 
fault  plane  was  essentially  vertical.  Considering  the  strength  and 
thickness  of  the  ocean  crust,  they  thought  that  an  anticline  the 
dimensions  of  the  Hawaiian  swell  was  unlikely  and  proposed  instead 
that  the  swell  represented  a thick  lava  pile  related  to  the  presumed 
fault  zone.  Dietz  and  Menard  (1953)  thought  this  idea  improbable 
because  of  tbe  enormous  volume  of  lava  that  would  be  required  to 
produce  the  swell. 

Other  early  authors  subscribed  to  the  idea  that  the  Hawaiian 
Cham  developed  atop  a propagating  fracture  (for  example.  Steams. 
1946;  Eaton  and  Murata,  I960;  Jackson  and  Wright.  I970X  but 
they  were  vague  or  noncommital  as  to  the  cause  of  the  rupture. 

Most  recent  authors  who  have  advanced  propagating-fracture 
hypotheses  have  attempted  to  relate  the  cause  of  the  fracture  to  either 
local  or  regional  stress  fields  within  the  Pacific  plate.  Green  (1971 ) 
suggested  that  divergent  flow  vectors  caused  by  the  movement  of  the 
plate  over  an  imperfect  sphere,  that  is,  an  uneven  upper  mantle 
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surface , caused  local  tension  and  intermittent  failure  of  the 
lithosphere.  The  fracturing  would  allow  rapid  upwelling  and  partial 
melting  of  material  from  the  low- velocity  zone.  One  problem  with 
this  hypothesis  is  the  means  by  which  the  irregularities  on  the 
asthenosphere  are  maintained,  but  Menard  (1973)  suggested  that 
such  persistent  asthenospbenc  “bumps"  might  be  caused  by  a rising 
thermal  plume  in  the  mantle. 

McDougall  (l  97 IX  following  the  ideas  of  Green  (197 IX 
proposed  that  the  physical  feature  that  subjected  the  plate  to  local 
tension  might  be  either  a thermal  high  or  an  incipient  upwelling 
caused  by  a local  concentration  of  heat -producing  radioisotopes. 
According  to  McDougalls  model,  fracturing  results  in  the  diapinc 
rise  of  peridotitic  material  from  the  asthenosphere  into  the  lithosphere 
(fig.  I.I3A,  B\  where  partial  melting  then  generates  tholeutic 
magma.  Movement  of  the  plate  and  counterflow  of  the  asthenosphere 
eventually  decapitate  the  diapir,  but  replacement  of  material  from 
deeper  levels  of  the  asthenosphere  perpetuates  the  high  and  a new 
diapir  is  created  (fig.  1 . 1 3C,  D) L Noting  that  the  rate  of  propaga- 
tion of  volcarusra  along  the  Hawaiian  Chain  is  slightly  more  than 
twice  the  half- spreading  rate  of  the  East  Pacific  Rise.  McDougall 
concluded  that  there  must  be  counlerflow  of  material  in  the 
asthenosphere  in  a zone  of  thickness  comparable  to  that  of  the 
lithosphere.  Jackson  and  others  (I960)  showed  that  it  was  not 
possible  to  reconcile  equal-but -opposite  hot-spot  motion  with  the 
paleolatitude  of  Suiko  Seamount  if  the  counterflow  had  persisted 
throughout  the  history  of  the  Hawaiian-Emperor  Chain.  Hot-spot 
countermovement  until  the  time  of  the  bend  followed  by  latitudinal 
stability  from  then  to  the  present  is,  however,  kinematically  per- 
missible. 

Another  mechanism  for  producing  a local  stress  field  and 
lithospheric  rupture  was  proposed  by  Walcott  (I976X  who  related 
the  stress  to  the  volcanic  load  on  the  lithosphere.  1 le  suggested  that 
large  volcanoes  will  produce  lithospheric  stresses  during  growth  that 
may  be  large  enough  to  cause  disruption  of  the  plate.  If  the  plate  is 
under  a normal  state  of  horizontal  compression,  then  the  failure  of 
the  lithosphere  will  occur  preferentially  parallel  to  the  direction  of  the 
compressive  stress.  The  direction  of  rupture  will  remain  linear  as 
long  as  the  ambient  stress  direction  remains  constant,  and  the  rate  of 
propagation  will  depend  on  the  speed  of  formation  of  the  load. 
Noting  the  rapidity  with  which  Hawaiian  volcanoes  form,  Walcott 
concluded  that  the  propagation  of  volcantsm  along  the  Hawaiian 
chain  must  be  limited  by  the  availability  of  magma  source  material. 
Thus,  the  mechanism  would  be  self  perpetuating  and  self-regulating. 
Although  this  mechanism  will  result  in  a line  of  volcanoes,  it  does  not 
explain  the  observed  age  progression  nor  does  it  account  for  hot-spot 
fixity,  but  it  might  be  locally  important  and  explain  the  detailed 
distribution  of  volcanoes  within  the  Hawaiian  Chain  (Walcott, 

I976X 

Expanding  on  the  ongtnal  idea  of  Dana  (I&49),  Jackson  and 
others  (1972)  observed  that  the  individual  volcanic  centers  of  the 
Hawaiian-Emperor  Chain  appear  to  lie  on  short,  sigmoidal,  over- 
lapping loci  that  are  echelon  in  a clockwise  sense  in  the  Hawaiian 
Cham  and  in  a counterclockwise  sense  in  the  Emperor  Chain  (fig. 
1 . 1 4X  although  the  latter  was  based  on  inadequate  bathymetric 
data.  They  proposed  that  the  pattern  of  loci  may  be  caused  by 


Figure  1.13. — Schematic  diagram  d MclJougalT*  (1971)  propagating- Irai turf 
hypotbeu*.  Propagating  (cmional  fracture  allo*'»  diapinc  upwelling  from 
a»thmo*phnrf  (A)  and  partial  mriting  (B\  Retail**  motion  between  luboapHrrc 
and  a*thrno»phrrf  (arrow  along  left  margin)  evenlually  decapilaln  diaprr  (C)  and 
cycle  begin*  al  a new  position  ( D i Hie  shaded  /one  represents  peridotilic  material 
that  is  l hr  source  rock  of  the  lava.  From  MclXiugall. 


extension^  strain  resulting  from  tension  within  the  Pacific  plate,  but 
they  did  not  speculate  on  the  ultimate  cause  of  the  stresses.  Jackson 
and  Shaw  (1973)  developed  this  idea  more  fully  and  extended  it  to 
other  chains  in  the  Pacific.  I hey  argued  that  Imear  hot  spot  chains 
track  and  record  the  states  of  stress  in  the  Pacific  plate  as  a function 
of  time,  and  that  the  stress  was  reflected  in  the  detailed  geometry  of 
volcanoes  within  a chain,  that  is,  in  the  orientation  of  the  volcanic 
loci,  which  represent  the  in)ection  of  magma  along  lines  perpen- 
dicular to  least  principal  stress  directions.  On  the  basis  of  their 
analysis  of  the  Hawaiian- Emperor,  Pratt -Welker.  Tuamotu,  and 


Digitized  by  Google 


I.  THE  HAWAIIAN -EMPEROR  VOLCANIC  CHAIN  PART  1 


37 


0 1000  KILOMHms 

1 I 

I 


HAWAIIAN  EMPEROR  BENO 
Cole  ton 


1 70° 


ISO" 


EXPLANATION 

* Typographic  high 

• Bouguei  gravity  anomaly  high  < >250  mGall 

Loci  of  shield  volcanoes 

Area  of  closed  low 


M-dy^ay  l 


French  Frigate 
Shoals 


30® 


I 

170* 


20* 


Niho#  I 


H awwan  • 


Fir.URK  I . M. — Loci  of  shield  volcanoes  in  Hawanan-Ltoperur  Chain  accotding  to  Jackson  and  others  ( 1972k  Inset  shows  detailed  relation  between  topographic  high*. 
Bougurr  gravity  anomaly  highs,  and  loo  for  principal  f lawanan  Islands.  Contour  interval  is  I km;  hachurcs  indicate  area  of  closed  low 


Digitized  by  Google 


38 


VOLCANISM  IN  HAWAII 


Austral- EJlice-Gilbert-Marshall  Chains,  they  concluded  that  the 
stress  orientations  since  the  time  of  formation  of  the  Hawaiian- 
Emperor  bend  were  caused  by  a right-lateral  rotational  couple 
acting  within  the  plane  of  the  fticifk  plate.  This  couple  resulted  in 
the  minimum  principal  stress  oriented  in  a northeast -southwest 
direction.  Before  the  time  of  the  bend,  the  rotational  couple  was  left- 
lateral  and  the  minimum  stress  was  oriented  north-northwest  and 
south-southeast.  The  curvature  in  the  volcanic  loci,  they  proposed, 
reflects  episodic  swings  of  the  minimum-stress  directions  that  aver- 
aged about  12  m.y.  per  episode  and  were  perhaps  a consequence  of 
episodic  changes  in  the  force  vectors  at  plate  boundaries.  Jackson 
and  Shaw  (1975)  were  uncertain  about  the  exact  causes  of  the  stress 
held  within  the  FVidfic  plate,  but  noted  that  possible  contributors 
included  convergence  and  divergence  at  plate  boundaries,  varying 
convection  rales  in  the  asthenosphere,  and  volume  changes  within  the 
plate  resulting  from  changing  pressure  and  temperature. 

On  the  basis  of  an  analysis  of  volcano  spacing  and  the  relation 
of  volcanic  chains  to  preexisting  plate  structures,  Vogt  (1974) 
suggested  that  the  factors  that  controlled  the  path  of  hot-spot  chains 
are  not  clearly  of  one  origin,  but  included  simple  shear,  reactivated 
sea-floor-spreading  structures,  and  local  stresses.  He  concluded  that  : 
the  sigmoidal  loci  (fractures)  postulated  by  Jackson  and  others  . 
(1972)  for  the  Hawaiian  Cham  had  no  counterpart  in  other  chains, 
although  Jackson  and  Shaw  (1975)  claimed  to  have  found  a similar 
pattern  on  other  chains  in  the  Pacific. 

Solomon  and  Sleep  (1974)  preferred  the  propagating-fracture  . 
hypothesis,  in  part  because  it  avoided  the  necessity  of  an  abnormal  j 
and  unknown  source  of  heat  in  the  asthenosphere.  They  emphasized 
that  the  stresses  in  the  Pacific  plate  can  be  explained  entirely  in  terms 
of  the  forces  acting  on  plate  boundaries,  and  that  such  mechanisms 
have  the  attractive  feature  of  being  amenable  to  numerical  treatment. 
They  proposed  that  the  continued  motion  of  the  plate  with  respect  to 
the  boundary  force  held  and  to  secondary  convection  cells  in  the 
asthenosphere  might  cause  a linear  propagating  fracture  as  new 
parts  of  the  plate  moved  into  zones  of  tension,  and  that  such  a 
tensional  fracture  would  permit  the  passive  upwelltng  of  volcanic 
material  from  below.  This  model  offers  no  explanation  why  Hawaii 
is  located  where  it  is.  In  addition,  passive  mantle  up  welling  seems 
inadequate  to  produce  the  enormous  volume  of  lava  that  comprises 
the  Hawaiian  Islands. 

Turcotte  and  Oxburgh  (1973,  1 976,  1 978)  also  subscribed  to 
propagating  tensional  fractures  as  a possible  cause  of  linear  midplate 
volcanism.  They  noted  that  although  brittle  failure  may  occur  at  the 
surface  of  a plate,  plastic  failure  is  more  likely  at  depth  where 
lithostatic  pressure  is  large  compared  with  the  yield  stress,  ITie- 
oretically,  plastic  and  brittle  failure  will  occur  at  angles  of  35  and 
45°,  respectively,  to  the  direction  of  tension  (fig.  I.I5A).  Possible 
causes  of  tension  include  thermal  stresses  in  the  cooling  and  thicken- 
ing plate  as  it  moves  outward  from  the  spreading  ridge  and 
membrane  stresses  caused  by  the  movement  of  plates  on  the  surface 
of  the  nonsphencal  Earth  (fig.  1.1  5/3,  C’X  lurcotte  and  Oxburgh 
note  that  the  angle  between  the  Hawaiian  Chain  and  the  direction  of 
sea-floor  spreading,  as  deduced  from  magnetic  anomalies  and 
fracture  zones,  is  34“ , in  good  agreement  with  the  predicted  value. 
They  also  note  that  the  angle  between  the  trend  of  the  chain  and  the 


FlCMJHF.  1.15. — Irauonal  stresses  u a possible  cam?  of  propagating  fraclum  in 
lithospheric  plain.  A.  < Jnrnlatjon  of  plastic  and  brittle  failure  m (tun  plait  under 
tension  < T)  according  to  Turcotlr  and  Oxburgh  (1973.  1976,  1978).  B.  Fracture 
in  lithospheric  plate  from  tenMonal  ilrm  caused  by  cooling  and  thickening  of  plate 
away  from  spreading  ridge.  C.  Fracture  caused  by  membrane  stresses  in 
northward  moving  plate  on  oblate  Earth. 
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loci  of  Jackson  and  others  ( 1 972)  is  approximately  correct  for  brittle 
fracture.  The  Cook- Austral,  Tuamoto-Pitcairn,  and  Kodiak - 
Bowie  Chains  also  lie  at  angles  of  between  3 1 0 and  42°  to  spreading 
directions,  but  the  angle  made  by  the  Marquesas  is  60°,  which  is 
much  larger  than  that  predicted  by  Turcotte  and  Ox  burgh  (I978X 

Both  plastic  and  brittle  failure,  as  proposed  by  Turcotte  and 
Ox  burgh,  provide  a means  of  propagating  a fracture  as  a function  of 
plate  motion  and  might  account  for  some  degree  of  hot-spot  fixity, 
lire  thermal  mechanism  relies  on  cooling  and  thickening  of  the  plate 
as  a function  of  time  and  distance  from  the  spreading  ridge.  Once 
started,  the  fracture  will  propagate  from  a point  that  remains  at  a 
fixed  crustal  age  from  the  ridge.  As  these  authors  point  out. 
fractures  due  to  membrane  stresses  would  be  most  likely  in  middle 
latitudes  because  the  change  in  the  radius  of  curvature  of  the  Earth  is 
a maximum  at  a latitude  of  about  45°.  For  a plate  in  the  northern 
hemisphere  moving  northward,  the  fracture  would  propagate  south- 
ward from  a point  that  remains  latitudmally  fixed.  This  mechanism 
does  not.  however,  account  for  the  great  variety  of  latitudes  of  active 
ftcific  hot  spots,  the  parallelism  of  Pacific  volcanic  chains,  or  the 
Hawaiian -Emperor  bend  (Solomon  and  Sleep,  1974), 

Handschumacher  (1973)  advanced  three  fracture- related 
explanations  for  the  Emperor  Seamount  Chain,  but  he  did  not 
extend  them  to  include  the  Hawaiian  Chain.  Two  of  the  mechanisms, 
otrusion  along  a strike-slip  fault  and  interaction  between  a stable 
part  of  the  Pacific  plate  on  the  west  and  a spreading  ridge  on  the 
east,  have  since  been  disproved  by  the  age  progression  (younger 
southward)  of  the  Emperor  volcanoes.  The  third  mechanism,  sec- 
ondary activity  along  a zone  of  weakness  between  eastern  and 
western  parts  of  the  plate,  invokes  preexisting  structural  control, 
but,  like  all  propagating  fracture  hypotheses,  does  not  provide  any 
insight  into  the  lava-producing  mechanism. 

THERMAL  AND  CHEMICAL  CONVECTION  HYPOTHESES 

Numerous  authors  have  associated  the  Hawaiian  Chain  with 
thermally  driven  convection  in  the  asthenosphere.  Among  the  ear- 
best  were  Dietz  and  Menard  (1953)  and  Menard  (1955X  who 
hypothesized  that  the  Hawaiian  Arch  or  swell  occurred  over  the 
intersection  of  two  upweiling  and  diverging  convection  cells.  This 
would  put  the  lithosphere  under  tension  and  produce  fracturing  as 
the  volcanic  load  increased,  providing  a reasonable  explanation  for 
the  geometry  and  form  of  the  Hawaiian  Arch,  Ridge,  and  Deep.  It 
does  not.  however,  account  for  the  constant  rate  of  propagation  of 
volcanism  along  the  chain,  although  in  1955  this  was  poorly  known. 
Although  he  did  not  discuss  the  Hawaiian  Chain,  Wilson  (1962) 
showed  it  to  be  coincident  with  an  early  Iertiary  ndge  which  he 
suggested  formed  by  diverging  convection  cells. 

Wilson  (1963a,  b,  c,  d)  was  the  first  to  suggest  a thermal 
convection  mechanism  that  specifically  addressed  the  age  progression 
in  the  Hawaiian  and  eight  other  parallel  chains  in  the  Pacific.  He 
speculated  that  the  source  of  lava  resided  in  the  stagnant,  or  at  least 
more  slowly  moving,  region  of  a mantle  convection  cell  (fig.  1 . 1 6). 
Spreading  of  the  sea  floor  above  this  fixed  source  would  result  in  an 
age-progressive  chain  of  volcanoes.  Wilson  (1963a)  tentatively  put 
the  source  at  a depth  of  about  200  km,  below  the  low-velocity  zone. 


FIGURE  1 . 16. — Wilson's  proposed  possible  origin  ol  Hawaiian  Cham  If  lara  u 
generated  an  stable  core  of  manllr  convection  cell  and  surface  ts  earned  along  by- 
plate  motion,  then  ooe  source  can  give  rise  to  a chain  of  successively  extinct 
volcanoes.  Modified  from  Wilson  ( I963X  by  permission  of  the  National  Research 
Council  of  Canada 


but  did  not  speculate  on  the  ultimate  cause  of  the  lava  source. 

The  hypothesis  that  has  undoubtedly  received  the  most  atten- 
tion since  Wilsons  is  that  of  Morgan  (1971,  1972a,  b)  who 
proposed  that  the  Hawaiian  and  other  Pacific  hot  spots  were  narrow 
thermal  zones  of  upweiling,  which  he  termed  “plumes,"  that  originate 
deep  within  the  Earths  mantle,  possibly  near  the  core.  They  arise 
because  of  thermal  instabilities  (excess  heatX  which  cause  upward 
convection  of  hot  plumes  of  mantle  rock  in  much  the  same  way  that 
thermal  instabilities  in  the  atmosphere  cause  thunderhead  clouds. 
According  to  this  hypothesis,  the  plumes  are  of  relatively  low 
viscosity,  about  1 50  km  in  diameter,  and  convect  upward  at  a rale  of 
about  2 m/yr.  In  addition  to  providing  lava  for  volcanic  chains, 
plumes  are  considered  by  Morgan  to  be  a driving  force  of  plate 
tectonics,  to  be  capable  of  rifting  continents,  and  to  occur  on 
midocean  ndges  as  well  as  in  the  middle  of  plates.  Morgan  identified 
about  20  hot  spots,  but  subsequent  authors  have  tended  to  be  more 
generous  (for  example,  Burke  and  Wilson,  1976;  Crough,  1983). 

One  aspect  of  Morgans  hypothesis  that  has  proven  extremely 
important  to  the  study  of  plate  tectonics,  whether  or  not  hot  spots  are 
actually  plumes,  is  the  concept  that  hot  spots  are  fixed  relative  to  one 
another  and  to  the  Earths  spin  axis.  As  we  discussed  earlier,  hot- 
spot fixity  appears  to  be  generally  true  for  long  periods  of  geologic 
time,  and  thus  hot  spots  provide  a stable  reference  frame  for  studies 
of  absolute  plate  motions. 

Morgan  (1972a,  1972b)  observed  that  most  hot  spots  were 
characterized  by  a positive  gravity  anomaly  and  a topographic  high, 
both  of  which,  he  said,  are  symptomatic  of  rising  thermal  currents  in 
the  mantle.  Morgan  calculated  that  as  few-  as  20  plumes  could  bring 
up  from  depth  an  estimated  500  kmVyr  of  mantle  material  and  half 
of  the  total  heat  flow  from  the  Earth. 
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Wilson  (1973)  endorsed  the  plume  hypothesis  and  likened 
plumes  to  other  natural  diapinc  mechanisms  such  as  salt  domes, 
thunderheads,  and  volcanic  pipes.  Menard  (1973)  noted  that  the 
Hawaiian,  Austral -Cook  (Macdonald  Seamount X and  Gulf  of 
Alaska  hot  spots  all  lie  on  the  updrift  side  of  asthenospheric  bumps 
and  concluded  that  equally  persistent  rising  plumes  were  required  to 
sustain  the  asthenospheric  relief  at  sites  not  associated  with  hot  spots. 
Strong  (1974)  noted  that  the  compositions  of  Kilauea  and  Mauna 
Loa  lava  were  not  the  same,  concluded  that  the  Hawaiian  plume 
was  probably  not  the  direct  source  of  lava,  and  questioned  whether 
Morgans  plumes  were  necessarily  zones  of  mass  transport.  Alter- 
natively. he  suggested  they  might  be  zones  of  high  thermal  con- 
ductivity or  concentrated  diffusion. 

Morgan  ( 1 972b)  proposed  four  tests  of  the  plume  hypothesis.  ^ 
including  seismic  detection,  prediction  of  plate  motions  from  plume 
dynamics,  evaluation  of  the  necessity  of  plumes  for  heat  transport 
from  the  deep  mantle,  and  correlation  of  changes  in  Cenozoic  and 
Cretaceous  spreading  patterns  with  the  disappearance  or  emergence 
of  new  hot  spots.  Of  the  four,  only  the  seismic  test  had  any  real 
potential  for  yielding  a conclusive  answer.  Davies  and  Sheppard 
(I972X  Kanasewich  and  others  (1972,  I973X  and  Kanasewich 
and  Gutowski  (1975)  analyzed  seismic  rays  passing  beneath  the 
Hawaiian  Islands  from  earthquakes  in  the  southwest  Pacific.  They 
concluded  that  there  is  a zone  of  abnormally  high  velocities  near  the 
core-mantle  boundary  beneath  Hawaii  and  that  the  seismic  data  are 
generally  consistent  with  Morgan's  plume  hypothesis,  although  there 
were  no  data  indicating  an  extension  of  the  velocity  anomaly  upward 
through  the  upper  mantle.  The  interpretation  of  the  seismic  data  was 
questioned  by  Wright  (1975)  and  Green  (I975X  who  concluded 
that  the  observed  travel  tunc  anomalies  were  most  likely  the  result  of 
upper  mantle  inhomogeneities  beneath  the  seismic  detector  arrays  in 
western  North  America.  From  a study  of  tdeseismic  arrivals  from 
55  earthquakes  recorded  at  21  stations  on  Hawaii,  however, 
Ellsworth  and  others  (1975)  found  evidence  of  lower  than  average 
velocities  at  depths  of  30-50  km  beneath  the  island.  Whether  this  | 
anomaly  extends  into  the  as  then  os  ph  ere  is  unknown.  Thus,  the 
seismic  evidence  for  a thermal  plume  beneath  Hawaii  appears  to  be, 
at  best,  inconclusive. 

One  difficulty  with  the  plume  hypothesis  is  that  narrowly 
confined  convection  is  unstable  in  fluids  with  high  Prandtl  numbers 
(kinematic  viscosity  divided  by  thermal  diffusivity)  such  as  mantle 
material  (Turcotte  and  Oxburgh,  I978X  Narrow  plumes  might  be 
sustained,  however,  if  confined  to  the  upper  mantle  and  heated  from 
below  by  a lower  mantle  source  (Turcotte  and  Oxburgh.  I978X 
Another  problem  is  that  the  amount  of  partial  melting  that  would 
result  from  the  adiabatic  decompression  of  mantle  material  rising 
from  the  core-mantle  boundary  is  much  too  high  to  result  in 
Hawaiian  basalt  (Turcotte  and  Oxburgh,  I978X  This  objection 
might  not  apply  if  mantle  plumes  are  a source  of  heat  for  melting  of 
the  lower  lithosphere  or  the  uppermost  asthenosphere  rather  than  a 
direct  source  of  magma. 


An  alternative  to  thermal  plumes,  proposed  by  Anderson 
(I975X  is  that  the  plumes  are  relict  compositional  conduits.  Accord- 
ing to  Anderson's  hypothesis,  the  Earth  accreted  mhomogencously 


cooling  nebula.  Thus,  the  primitive  deep  mantle  was  a material 
enriched  in  Ca,  Al.  I »,  and  the  refractory  trace  elements,  including 
U and  Th.  This  material,  being  less  dense  than  the  overlying  layers, 
rose  as  chemical  plumes  through  buoyancy  early  in  Earths  history 
and  partially  melted  to  yield  anorthosites.  Present-day  hot  spots 
occur  above  the  mantle  residua  of  this  partial  melting.  These  plumes 
provide  heat  to  the  base  of  the  lithosphere  because  they  are  enriched 
in  heat -producing  elements,  principally  U and  Hi.  and  so  constitute 
what  could  be  called  radioactive  hot  spots.  Chemical  plumes  might 
explain  both  asthenospheric  bumps  and  also  the  episodic  nature  of 
voicanism.  Anderson  proposed  that  the  rapid  withdrawal  of  heat  by 
magma  could  periodically  outstrip  heat  production  and  therefore 
temporarily  hall  magma  generation.  However,  one  would  think  that 
the  chemical  inhomogeneities  should  be  seisnucally  detectable. 

Richter  (1973)  and  Richter  and  Parsons  (1975)  have  sug- 
gested that  the  Hawaiian  -Emperor  Chain  and  other  linear  chains 
might  be  a consequence  of  the  nonlinear  interaction  of  two  different 
scales  of  mantle  convection,  one  involving  sea-floor  spreading  and 
the  return  flow  necessary  to  conserve  mass,  and  the  other  a 
Rayleigh -Benard  convection  reaching  to  depths  of  about  650  km. 
Hus  latter  convection  forms  rolls  whose  axes  initially  are  aligned 
perpendicular  to  the  spreading  direction.  In  time,  however,  the 
latitudmal  rolls  give  way  to  longitudinal  rolls  with  axes  parallel  to  the 
direction  of  plate  motion  (fig.  1 . 1 7 X The  tune  for  the  transition  to 
occur  depends  on  the  spreading  velocity,  but  may  be  as  short  as 
about  20m.y.  for  a fast  (about  lOcnv'yr)  plate  like  the  Pacific  plate. 
Longitudinal  rolls  will  generate  alternating  bands  of  tension  and 
compression  in  the  overlying  plate,  Ijnear  volcanic  chains  might 
form  along  the  zones  of  tension  and,  either  because  of  modulation  of 
convection  amplitude  along  the  roll  or  because  of  the  fracture 
properties  of  the  plate,  could  propagate  opposite  to  the  direction  of 
spreading.  A feature  of  this  mechanism  is  that  ages  out  of  order  can 
occur.  In  addition,  an  age  gap  of  some  tens  of  millions  of  years  could 
occur  near  the  bend  in  the  Hawaiian- Emperor  Chain  because  of  the 
time  required  for  a new  set  of  longitudinal  rolls  to  be  established 


FlC'.l  'HK  1 . 17.  — .Schematic  diagram  of  large  scale  adhenrrfpKrrK  flow  rrlalrd  to 
ir.*  floor  rprr.idwg  and  wpenmpoced  small  waif  longitudinal  roll*  Volcanic  chain 
might  occur  it)  rune  of  tension  between  diverging  rails  and  would  propagalr 
opposite  lo  direction  of  spreading-  from  Richler  and  Parsons  (1 97 Si 
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following  a change  in  spreading  direction.  The  age  data  for  the 
Hawaiian- Emperor  Chain  (fig.  1 .5X  however,  show  that  the  propa- 
gation is  continuous  around  the  bend,  although  seamounts  are  sparse 
on  the  westernmost  Hawaiian  Ridge.  Another  feature  of  the  longitu- 
dinal roll  model  is  that  parallel  volcanic  chains  should  be  spaced  at 
some  multiple  of  twice  the  depth  of  the  convecting  layeT,  which  is  in 
accord  with  the  geometry  of  the  major  F^cihc  chains  for  a convecting 
depth  of  about  600  km  (Richter.  1 973X 

SHEAR-MELTING  HYPOTHESES 

Shear  melting  with  thermal  feedback  to  regulate  the  propaga- 
tion rate  was  proposed  by  Shaw  (1973)  to  explain  the  nonlinear 
time-distance-volume  relations  along  the  Hawaiian  Chain  noted  by 
Jackson  and  others  (1972)  and  Swanson  (1972)  (fig.  I.I8X 
According  to  his  hypothesis,  the  hot  spot  is  the  result  of  a delicately 
balanced  thefrnomechamcal  process  that  derives  energy  from  plate 
motion  and  is  regulated  by  a feedback  process  inherent  in  the 
physical  properties  of  the  rocks  involved.  In  principle,  the  idea  is 
quite  simple  and  is  based  on  the  observation  that  a viscous  medium 
will  nse  in  temperature  when  sheared.  Shear  occurs  within  a finite 
zone  between  the  lower  lithosphere  and  the  upper  asthenosphere 
because  of  their  relative  motion.  As  shear  proceeds  the  temperature 
rises  and  the  viscosity  decreases  within  the  shear  zone.  This  allows 
an  increase  in  the  rate  of  shearing,  which  in  turn  produces  a further 
increase  in  temperature.  The  increasing  temperature  eventually 
results  in  partial  melting  and  the  formation  of  magma,  which  rises  to 
the  surface  to  form  the  volcanoes.  The  magma  carries  off  excess 
heat,  the  temperature  decreases  rapidly,  viscosity  increases,  and 
melting  stops  temporarily  as  a new  cycle  is  initiated.  Each  cycle  lasts 
a few  million  years  and  is  characterized  by  accelerating  propagation 
of  voicanism  and  eruption  volume  followed  by  a sudden  halt. 

A means  of  localizing  shear  melting  and  fixing  the  resulting  hot 
spot  relative  to  the  mantle  was  advanced  by  Shaw  and  Jackson 
(I973J  They  proposed  that  once  partial  melting  began  the  residua 
sinks,  forming  a type  of  gravitational  anchor  that  reaches  down  into 
the  mantle,  perhaps  to  the  core-mantle  boundary  (fig.  1 . 19)l  The 
downwelling  anchor  not  only  forms  a geographic  pinning  point  for 
the  hot  spot  but  also  results  in  the  inflow  of  fresh  mantle  material 
beneath  the  hot  spot,  which  thus  is  not  limited  by  supply.  There  is 
strong  evidence,  however,  that  the  depleted  residua  from  partial 
melting  of  the  most  likely  parent  rocks  are  less  dense  than  the  parent 
material  and  would  not  sink  (see.  for  example,  O’Hara.  1975; 
Boyd  and  McCallister,  1976;  Jordan.  1979)  Thus,  unless  the 
source  of  Hawaiian  basalt  is  something  quite  unusual,  the  formation 
of  a gravitational  anchor  seems  unlikely,  and  the  shear-melting 
hypothesis  suffers  from  the  lack  of  both  a starting  mechanism  and  a 
means  of  localization. 

HEAT-INJECTION  HYPOTHESIS 

It  has  long  been  known  that  the  Hawaiian  hot  spot,  among 
others,  is  associated  with  a broad  topographic  anomaly  on  the  ocean 
floor,  the  Hawaiian  swell,  which  has  been  attributed  to  some  sort  of 
thermal  anomaly  for  more  than  three  decades  (see.  for  example, 


change  in  volume  with  distance, 
IN  CUBIC  KILOMETERS  PER  KILOMETER 


FlGURF.  1.18. — Change  m volume  of  Uva  with  rwpert  lo  unit  di*l*ncr  vrruw 
change  in  dm  ante  with  respect  lo  lime  (velocity  of  volcanic  propagation)  for 
principal  Hawaiian  blanch.  Diameter  of  circle*  approximately  proportional  to 
apparent  eruption  rate*,  which  are  aho  given  (in  cubtc  kilometer*  per  year)  next  to 
circle*.  From  Shaw  < I973X 


Dietz  and  Menard,  1953;  Menard.  1955)  Only  recently,  however, 
has  it  become  clear  that  the  swell  may  be  the  result  of  thermal 
resetting  and  thinning  of  the  aging  and  thickening  lithosphere. 
Detrick  and  Crough  (1978)  observed  that  long-term  rates  of 
subsidence  of  volcanoes  in  the  Pacific  are  higher  than  can  be 
accounted  for  by  the  subsidence  that  accompanies  the  cooling  and 
thickening  of  the  lithosphere  as  it  moves  away  from  the  spreading 
ridge  (Parsons  and  Sclater,  1977;  Schroeder.  I984X  They  pro- 
posed that  the  excess  subsidence  is  the  result  of  thermal  resetting  of 
the  lithosphere  as  the  aging  plate  rides  over  the  hot  spot.  The 
resetting  is  accompanied  by  lithospheric  thinning  and  a rise  m the 
elevation  of  the  sea  floor.  The  rapid  subsequent  subsidence  then 
represents  a gradual  return  of  these  shallow  areas  to  normal  depths, 
that  is,  depths  commensurate  with  the  age  of  the  sea  floor  (see  also 
Crough,  1979.  1983;  Epp,  1984)  llir  hypothesis  of  thermal 
resetting  is  supported  by  anomalously  high  heat  flow  along  the 
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Fk.URF  1.19. — SchmvatK  virwi  of  potublr  dovruHrlbn®  of  dmw  residua  from 
tboleatKr  mrllirvg  A,  Plan  vio*-  shotting  hypothetical  flow  linn  in  atlhcnmphnr 
along  horuontal  plane  taken  at  time  near  cuiminalinci  of  mrhmg  episode.  B. 
Vertical  section  showing  proposed  gravitational  anchor.  Prom  Shaw  and  Jachsoo 

(19751 


Hawaiian  Ridge  (Detrick  and  others,  1981).  The  concept  of 
lithospheric  thinning  over  hot  spots  is  substantiated  by  the  flexural 
data,  which  indicate  that  the  lithosphere  over  hot  spots  is  much 
thinner  than  that  of  comparable  age  flexed  at  subduction  zones 

(McNutt,  I984X 


Detrick  and  Crough  ( 1 978)  recognized  that  the  major  problem 
with  their  thermal  model  for  the  Hawaiian  swell  is  that  it  requires 
extremely  rapid  heating  of  the  lithosphere;  a heat  flux  more  than  40 
times  normal  is  indicated,  if  the  heading  is  entirely  by  conduction. 
Dus  is  because  the  kinematics  of  plate  motion  relative  to  the  hot  spot 
requires  the  swell  to  rise  in  only  a few  million  years,  whereas  it  would 
take  about  100  m.y.  at  twice  the  normal  heat  flux  to  raise  the  swell. 
This  problem,  however,  may  not  be  as  serious  as  it  once  seemed. 
More  recent  modeling  by  Nakiboglu  and  Lambeck  (1985)  demon- 
strates the  sensitivity  of  these  calculations  to  the  lower  boundary 
condition.  They  argue  that  most  of  the  Hawaiian  swell  can  be 
produced  by  thermal  conduction,  but  a small  dynamic  component 
may  also  be  required  to  support  the  swell.  Another  potential  solution 
to  this  problem,  proposed  by  McNutt  (I984X  is  lithospheric 
delamination,  a process  invoked  by  Bird  (1979)  to  explain  vol- 
canisro  in  continental  interiors.  According  to  this  hypothesis,  a strip 
of  the  lower  lithosphere  separates  from  the  upper  lithosphere  and 
descends  into  the  asthenosphere.  This  produces  the  sudden  nse  in 
temperature  at  the  base  of  the  remaining  lithosphere  required  to 
produce  the  swell  without  invoking  an  unreasonable  heat  flux.  The 
lateral  resistance  of  the  descending  strip  might  also  provide  the 
necessary  stability  of  the  hot  spot  with  respect  to  the  mantle.  It  is 
unclear  how  delamination  mi^it  begin,  but  once  started  theory 
suggests  that  it  can  propagate  at  plate  velocities  (Bird  and 
Baumgardner,  190 1 X 

One  problem  with  delamination  is  that  it  requires  the  sinking 
into  the  asthenosphere  of  the  lower  lithosphere,  which  is  thought  to 
be  one  component  of  the  source  of  ocean-island  basalt.  For  Hawaii 
the  proposed  depth  of  delamination,  that  is,  the  thickness  of  the 
lithosphere  over  the  hot  spot,  is  slightly  less  than  30  km  (McNutt, 
I984X  a depth  considered  to  be  well  above  the  source  region  of 
Hawaiian  basalt.  It  is  also  clear  from  pressure- temperature  relations 
that  the  descending  slab  would  not  meh  (and  if  it  did  the  residua 
would  rise  rather  than  sinkX  Therefore,  Hawaiian  basalt  would  have 
to  be  generated  from  the  material  of  the  upper  asthenosphere, 
although  at  lower  lithosphere  depths,  and  the  lithosphere- 
asthenosphere  boundary  would  be  a purely  mechanical  one  (that  is, 
with  no  compositional  differences  across  the  boundary  X 

In  summary,  geophysical  models  for  the  Hawaiian  hot  spot 
tend  to  be  highly  generalized  and  difficult  if  not  impossible  to  test. 
None  has  yet  been  advanced  that  satisfactorily  explains  all  of  the 
geometric,  kinematic,  physical,  and  chemical  observations  from  the 
Hawaiian- Emperor  Chain.  Although  many  intriguing  and  clever 
ideas  have  been  advanced,  the  hot-spot  mechanism  is  still  somewhat 
mysterious.  Detnck  and  Crough  s (1978)  idea  that  the  Hawaiian 
swell  is  caused  by  thermal  resetting  of  the  aging  ocean  crust  implies 
that  hot  spots  are  indeed  hot.  In  addition,  the  possibility  that  the 
swell  is  dynamically  supported  (Detnck  and  Crough,  1978)  implies 
that  material  wells  up  beneath  the  lithosphere.  Petrologic  studies 
indicate  that  1 lawaiian  lava  is  generated  from  mantle  sources 
consisting  of  at  least  3 geochemical  components;  one  of  these  is  a 
primitive  undegassed  component.  The  cause  of  the  Hawaiian  hot 
spot  is  still  unknown,  but  present  hypotheses  are  consistent  with 
Morgans  plume  hypothesis  in  which  hot  primitive  mantle  material 
ascends  beneath  the  ocean  lithosphere  below  l lawaii  and  reacts  with 
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the  lithosphere  to  produce  the  compositional  range  of  Hawaiian 
lava. 
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APPENDIX  1.1 

NOTES  ON  THE  GEOLOGY  AND  GEOCHRONOLOGY  OF 
INDIVIDUAL  VOLCANOES  IN  THE 
HAWAIIAN  EMPEROR  CHAIN 

Following  are  brief  descnptiom  and  comments  on  the  geology  and  geo- 
chronology of  all  volcanoes  in  the  Hawaiian'  Emperor  Chain  that  have  been  mapped 
or  sampled  References  to  sources  of  data  are  included  in  the  reference  list  of  the  main 
tot  of  the  paper.  The  radiometric  ages  are  conventional  K-Ar  age  determinations 
unless  otherwise  indicated;  errors  are  the  estimated  standard  deviations  of  precision. 
Volcanoes  are  discussed  from  southeast  to  northwest , that  is.  from  youngest  to  oldest , 
using  the  numbering  system  (in  parentheses)  of  Bargar  and  Jackson  (19741 
Stratigraphic  nomenclature  used  here  is  from  Langenhesm  and  Clague  (chapter  I , 
part  II) 

Lathi  Seamount  ( no  number).  — Lodii  Seamount  is  inferred  to  be  the  youngest 
Hawaiian  volcano  on  the  basis  of  its  location  and  seismic  activity,  the  presence  of  fresh 
glassy  pillow  lava,  and  the  occurrence  of  hydrothermal  discharge  into  the  water 
column.  Lodu  is  located  an  the  southeast  Hank  of  Kilauea  on  the  Island  of  I lawau  and 
is  30  lun  offshore  and  60  km  south-southeast  from  the  summit  of  Mauna  Loa  The 
seamount  rises  to  950  m below  sea  level  and  has  a distinct  north-south  orientation, 
delineating  two  nft  cooes  that  extend  from  the  roughly  2.8-km  by  3.7-km  summit 
caldera  (Malahoff  and  others,  1962)  The  volcano  is  active  seism*  ally,  persistent 
swarm*  of  shallow  earthquakes  that  are  probably  caused  by  vole  awe  intrusion  or 
submarine  eruption*  (KJetn,  1962)  occur  periodically  near  the  summit  (Klein  and 
Koyanagi.  1979)  Moore  and  other*  (1982)  describe  fresh  glassy  pillow  lava 
recovered  from  Lodu  Seamount  that  includes  ba&amte.  alkalic  basalt,  basalt  transi- 
tional between  alkabc  and  tholeutK  basalt,  and  tbolesitic  basalt.  Dies  alio  demon- 
strated that  the  alkahr  lava  is  generally  older  than  tbr  thoientic  Lava  and  suggested  that 
Ixnhi  Seamount,  and  presumably  all  Hawaiian  volcanoes,  have  a stage  if  alkalic 
volcamsm  before  the  tholeubc  shield  stage  that  is  characterized  by  infrequent,  small  - 
volume  eruptions  of  alkalic  lava.  Further  evidence  that  Loihi  Seamount  is  an  active 
volcano  n provided  by  the  discovery  of  a plume  of  hydrothermal  methane  and  helium 


m the  water  column  above  Lodu  (Hon be  and  others,  1983;  Kan  and  Craig,  1983) 
and  the  presence  of  water-temperature  anomalies  recorded  by  the  ANGUS  camera 
sled  (Malahoff  and  others,  1982) 

Kilauea  Volcano  (l). — The  lava  of  Kilauea.  currently  active  and  hntoncally 
the  most  active  volcano  in  Hawaii,  can  be  divided  into  the  older  Hthna  Basalt  and 
the  younger  Pima  Basak,  which  are  separated  by  the  Pshala  Ash.  The  exposed  lava 
consists  of  thoientic  basak  and  pscritrc  thoientic  basak  that  issued  from  the  3- km  by  5- 
km  summit  caldera  and  the  two  nft  zones.  The  nft  zones  extend  to  the  east  and  the 
southwest,  with  the  east  nft  zone  extending  nearly1  50  km  from  the  summit  caldera  to 
Cape  Kumskahi  at  the  northeast  corner  of  the  island  and  for  at  least  an  additional  90 
km  beneath  the  sea. 

Mama  Loa  Volcano  (2jL — The  lava  of  Mauna  Loa  is  divided  into  the  Ninole 
Basalt  (oldest!  the  Kahuku  Basalt,  and  the  Kau  Basalt  (youngest)  The  Kahuku 
and  Kau  are  separated  by  the  Pahala  Ash  and  are  thought  to  be  coeval  with  the 
Hilina  Basak  and  Puna  Basak.  respectively,  of  Kdauea.  The  exposed  lava  is  all 
tholeufK  basak  and  pscntic  thoientic  basak  that  issued  from  the  2 5 -km  by  4-km 
summit  caldera,  named  Molcuaweowro.  and  two  rift  zones.  Die  nft  zones  extend 
I southwest  and  east -northeast.  The  southeastern  and  the  southwestern  slopes  of 
Mauna  Loa  are  steepened  by  downfouhwg  along  tbr  Kaodci  and  Kealakakua  fault 
systems.  Mauna  Loa  last  erupted  in  1984.  Possible  remnants  of  two  carter  shield 
volcanoes  are  exposed  us  the  Ninole  Hdls  (Ninole  Basak)  and  m the  vicinity  of 
Kularu.  Neither  of  these  earlier  shield  volcanoes  is  well  delineated  and  both  may  be 
merely  deeper  parts  of  the  Mauna  Loa  shield  uplifted  along  normal  faults  m a manner 
analogous  to  that  in  the  Hihna  fault  system  near  Puu  Kapukapu.  With  the  exception 
of  numerous  l4C  ages,  the  sole  published  age  data  for  Mauna  Loa  were  obtained  by 
Evemden  and  others  (1964)  on  two  samples  from  the  Ninole  Basak.  One  sample 
contained  negligible  radiogenic  40 A r The  other  sample  had  a radiogenic  *°Ar 
content  of  2.5  percent  and  a calculated  age  of  0.54  Ma.  No  uncertainty  was  given 
for  the  age.  but  from  the  quality  of  the  data  we  estimate  a standard  deviation  of 
approximately  0.4  m.y.  It  seems  unlikely  that  the  Nmole  Basak  is  more  than  a few 
hundred  thousand  years  old. 

Mauna  Kta  Volcano  (3) — Mauna  Kea  Volcano  last  erupted  some  3.600 
years  ago  (Porter  and  others.  1977)  The  volcano  has  a well  exposed  section  of  shield 
lava  capped  by  postshsrld  alkabc  lava.  The  rocks  are  divided  into  the  older  Hamakua 
Vole  antes  and  the  younger  Laupahoehoe  Volcanics.  The  Hamakua  Volcanic* 
consuls  of  shield  stage  tholeutsc  basalt,  oiivute  tholeutK  basalt,  and  picntsc  tholeutK 
basak.  and  overlying  postshseld  stage  alkalic  basak,  ankaramite,  and  hawaute. 
There  is  no  dear  boundary  between  the  shield  and  pnstshirld  lavas:  thoientic  and 
alkabc  lavas  are  intercalated  near  the  boundary  (Frey  and  others.  1984)  Most  of  tbr 
surface  of  Mauna  Kea  is  blanketed  by  tbe  younger  l-aupahoebor  Volcanics  which  is 
mostly  hawaute,  with  much  less  ankaramite  and  alkabc  basak  (West  and  Garcia, 
1982)  The  Hamakua  Volcanics  is  exposed  only  in  deep  erossooal  canyons. 

The  nft  zones  of  Mauna  Kra  are  not  well  defined,  but  cinder  cones  are  roughly 
aligned  in  westerly  and  southerly  directions  from  the  summit . A nearly  buried  east  nft 
zone  is  still  clearly  delineated  by  a submarine  ridge  extending  nearly  40  km  to  sea.  It 
ts  uncertain  if  a summit  caldera  ousted,  but  the  crude  arcuate  alignment  of  some 
cinder  conn,  coupled  with  a Urge  gravity  high  just  south  of  the  summit,  indicate  that 
a former  caldera  may  be  buried  beneath  tbe  Laupahoehoe  Volcanic* 

Purler  and  other*  (1977)  obtained  K-Ar  age*  on  three  samples  from  the 
Hamakua  Volcanics.  The  two  younger  flow*  gave  ages  of  Q.27  ± 0.04  Ma.  whereas 
the  older  flow  gave  an  age  of  0.375  ± 0.050  Ma.  K-Ar  and  l4C  ages  for  flows  from 
the  laupahoehoe  Volcanics  range  from  about  0. 19  Ma  to  4.5  ka.  hunkhouser  and 
others  (1968)  reported  a K Ar  age  uf  0 6 * 0.  3 Ma  for  a single  sample  of  haw. rule 
from  the  Laupahoehoe  \ oh  antes 

Huatalai  Volcano  (4). — Hualaiai  Volcano  was  last  active  in  1800-01  when 
two  major  and  sever al  smaller  flows  issued  from  a series  of  vrnls  on  the  northwest  rift 
zone  With  the  exception  of  a large  trachyte  cone  and  Wow  at  IVu  Waawaa  (Waawaa 
Trachyte  Member)  the  entire  subamal  surface  of  thr  volcano  consuls  of  alkalic 
basak  flow  * t4  the  alkabc  prut  shield  Mage  All  subaenal  rocks  of  Hualaiai  are  called 
the  Hualaiai  Volcanic*  A detailed  study  of  the  volcano  ( Moore  and  others,  chapter 
20)  shows  that  nearly  all  the  lava  ts  alkalic  basalt,  with  only  a few  flows  that  are 
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gradation*]  to  hawaiite.  Sonar  agw  of  charcoal  from  beneath  many  of  these  flows 
demonstrate  the  youth  of  the  alkabc  basalt  surface-  I he  structure  of  the  volcano  is 
poorly  known,  although  the  northwest  and  south  rift  tones  are  well  defined  It  is 
unknown  if  a summit  caldera  ousted  in  the  past.  Recent  studses  on  the  submarine 
northwest  nfl  zone  recovered  tholeutic  basalt  and  ptcnhc  tholeutic  basalt  (Clague, 

1 982  X indicating  that  Haalalai,  like  all  other  Hawaiian  volcanoes,  had  a tholeiilK 
shield  stage.  The  submarine  portion  of  the  rift  is  overbun  by  terrace  deposits  that  are 
inferred  to  be  as  old  as  1 20  ka  (Moore  and  Fa  man,  1 984  X winch  indicates  that  the 
tholeutic  shield  stage  had  ended  by  this  tone. 

Funkhouaer  and  others  (1968)  reported  an  age  of  0.4  ±0.3  Ma  for  the 
Waawaa  Trachyte  Member  of  the  Hualalai  Volcaiucs;  recent  K-Ar  results  mdscate 
the  trachyte  is  about  103  ka  (G.B.  Dalrytnple,  unpub.  data,  1985) 

Knhah  Volcano  f$Jl  — Kohala  Volcano  n composed  of  the  older  Polohi  Basalt 
and  the  younger  Hawi  Volcanics.  The  Pblohi  Basalt  is  a succession  of  thm  flows  of 
tholeutic  basalt,  olivine  tholeubc  basalt,  and  pirntx  tholeutic  basalt  except  near  the 
top  of  the  section . where  a&alic  basalt  occurs.  Most  of  the  Polohi  Basalt  represents 
the  shield  stage,  whereas  the  uppermost,  alkalic  part  represents  the  alkabc  postsbieid 
stage.  The  younger  Hawi  Volcanic*  formed  during  the  alkalic  post  shield  stage  and  is 
separated  from  the  Polohi  Basalt  by  an  cro**on*l  unconformity.  Most  of  the  Hawi 
lava  a mugeante,  but  benmomte  and  hawaiite  are  also  present-  Cinder  cones  of  the 
Hawi  Volcanic*  align  along  two  nfl  rones  trending  northwest  and  loutheasl.  Arcuate 
faults  near  the  summit  indicate  that  a caldera  probably  formed  during  eruption  of 
Polohi  Lava,  but  Hawi  lava  has  entirely  buned  it.  A gravity  high  located  southeast  of 
the  summit  may  correspond  to  the  approximate  location  of  this  mfetred  caldera.  Hawi 
lava  la  absent  from  an  1 I -km  section  on  the  northwest  side  of  the  volcano.  Hows  are 
deflected  from  this  rone  by  a senes  of  fault  scarps  in  the  summit  region  that  bounds  a 
north  west- trending  graben  10  km  long  and  2-3  km  wide.  l.ava  erupted  inside  the 
gr alien,  tilled  it,  flowed  to  the  northwest  and  southeast  ends,  and  overflowed  most  of 
the  southwest  run.  Feigenaon  and  others  (1983)  made  a detailed  petrologic  study  of 
strabgraphicaJly  controlled  lava  samples  from  the  Hilolu  Volcaiucs,  and  Lanphere 
and  Frey  (1983)  made  a similar  study  of  samples  from  the  Polohi  Basalt  and  Hawi 
Volcaiucs. 

Evernden  and  others  (1964)  obtained  an  age  of  0.43  Ma  for  one  sample  of 
tholeutic  basalt  from  the  Poioiu  Basalt.  Dabymple  (1971)  obtained  scattered  age 
results  that  averaged  0. 7 ±0. 1 3 Ma  on  five  samples  from  the  Polohi  Basalt.  The  best 
data  for  lava  of  the  Pololu  is  from  McDougall  and  Swanson  (1972),  who  dated  rune 
flows  ranging  m age  from  0.439  ±0.028  to  0.304  ±0.091  Ma.  The  average  of  the 
three  oldest  flows  » 0.43  ± 0.02  Ma.  Ages  an  1 2 samples  from  the  Hawi  Volcaiucs 
(McDougall,  1969;  McDougall  and  Swanson,  1972)  range  from  0.261  ± 0.003  to 
0.061  ±0  001  Ma. 

Bail  Maui  Volcano  (6)  — East  Maui  Volcano  is  the  youngest  volcano  in  the 
Hawaiian  Islands  having  rejuvenated-stage  volcaiucs  The  volcano  was  last  active  in 
about  1790  (Qosldam.  1963)  The  oldest  unit  is  the  Honomanu  Basalt,  a senes  of 
tholesmc  basalt,  olivine  tholeutic  basalt,  and  ptcritic  tholeutic  basalt  flows  that 
represents  the  shield  stage.  Above  sea  levrl  these  flows  are  nearly  completely  buned 
by  those  of  the  overlying  Kula  Volcaiucs  and  Hana  Volcaiucs.  The  Kula  Volcanic*  is 
composed  predominantly  of  hawaiite  with  some  anharanute  and  alkabc  basalt  and 
represents  the  alkalic  pnstshield  stage  ITsere  is  little  evidence  of  extensive  erosion 
between  the  shield  and  postshield  lavas.  'Hie  Hana  Volcanic*  is  compoaed  mostly  of 
the  same  rock  type*  as  the  Kula  Volcanic*,  but  it  erupted  after  an  ernsmnaJ  period;  it 
represents  an  alkabc  rejuvenated  stage  of  vole  am  *m.  Three  nft  /ones  are  delineated 
by  the  location  of  vents  for  the  Kula  and  Hana  Volcanoes.  The  east  and  southwest 
rifts  are  char  act  trued  by  vents  of  both  these  units,  whereas  the  north  nft  has  only 
Kula  Volcanic*  vents.  The  Hana  Volcanic*  is  unique  among  Hawaiian  rejuvenated 
stage  volcanic  rocks  m that  its  vents  are  aligned  along  the  preexisting  nfl  zones,  the 
duration  of  the  erossooal  period  is  rather  short  (<0.4  m.y. ) and  ankaramile  and 
hawaiite  are  present.  Chen  and  Frey  (1983,  1983)  present  a detailed  grochenwcal 
study  of  lava  from  afl  three  eruptive  stages. 

Naughton  and  others  (I960)  reported  ages  for  7 samples  of  the  Honomanu 
Basalt  from  three  localities.  The  mdividual  sample  ages  range  from  0 54  to  0.9| 
Ma.  Probably  the  best  age  for  the  Honomanu  Basalt  is  the  mean  of  0.75  ±0.04  Ma 
of  the  four  measurements  on  samples  from  the  so-called  crater  of  Haleakala. 
McDougall  ( 1964)  dated  two  samples  of  the  Kula  Volcanic*  at  0.46  and  0.86  Ma. 


whereas  the  mean  of  four  samples  from  the  Kula  Volcaiucs  dated  by  Naughton  and 
others  (I960)  is  0.41  ±0.09  Ma.  No  ages  have  been  determined  for  the  Hana 
Volcanics. 

Kahooloi*  (7X  — The  volcanic  rocks  of  Kahooiawe  have  not  been  subdivided . 
The  only  formation,  the  Kanapou  Volcaiucs,  includes  tholeutic  basalt  and  olrvmr 
! tholeutic  basalt  of  the  shield  stage,  tholeiitk  and  alkalic  basalt  of  the  caldera -hflmg 
phase,  and  alkalic  basalt  and  hawaiite  of  the  alkalic  pcwtshsrld  stage.  Five  vents  along 
the  seacliff  in  Kanapou  Bay  erupted  alkalic  basalt  following  an  extended  period  of 
volcanic  quiescence;  these  vents  presumably  represent  an  alkabc  rejuvenated  stage. 
The  volcano  was  built  by  erupt  ions  along  a prominent  west -southwest  nft  zone  and 
two  less  pronounced  nfts  trending  east  and  north.  Most  of  the  vents  have  been 
removed  by  erosion,  but  remnant*  of  about  six  vents  remain.  The  caldera  of  5 km 
diameter  lies  at  the  eastern  end  of  the  island  and  has  been  breached  by  the  sea. 

Naughton  and  others  (1980)  dated  two  samples  collected  by  H.S  Palmer  in 
1925  from  the  upper  (afcalir)  part  of  the  Kanapou  Volcanics.  The  mean  of  the  two 
measurements  is  1.03  ±0.18  Ma. 

Wctl  Maui  Volcano  (8X— The  vokatuc  rocks  of  West  Maui  are  divided  into 
the  Waduku  Basalt,  Honolua  Volcanics.  and  Lahaina  Volcanics.  The  Waihiku 
Basalt  consists  of  tholeutic  basalt,  olivine  tholeutic  basalt,  and  picrilK  tholeutic  basalt 
of  the  shield  stage  and  of  alkabc  basalt  of  a c aid  era -filling  phase.  The  Honolua 
Volcaiucs,  which  represents  an  alkabc  postshield  stage,  consists  of  a thm  dneon- 
tmuous  cap  of  mugrarttr  with  tome  trachyte  and  hawaiite,  The  Lahauia  Volcaiucs 
followed  a long  period  of  erosion  and  consists  of  the  cones  and  flows  of  four  small 
eruptions  of  basanite  and  obvuse-nch  basamte  The  Lahaina  Volcanic*  represents  the 
alkalic  rejuvenated  stage,  The  volcano  has  ill-defined  nft  zone*  delineated  by  chke 
swarms  trend  mg  northeast  and  south  and  by  vents  of  the  Honolua  Volcanic*  trending 
north  and  south  from  the  small  central  caldera.  The  caldera-hUmg  lava  is  severely 
altered  by  late  gases,  erosion  hat  preferentially  removed  these  altered  rock*  m lao 
Valley, 

McDougall  (1964)  dated  three  samples  of  the  Waibuku  Basalt,  and  the  ages  all 
fall  within  the  narrow  range  of  1.30-1.33  Ma  with  a mean  of  1. 32 ±0,04  Ma 
Naughton  and  others  (I960)  obtained  ages  of  I 58  and  1 .97  Ma  on  two  samples 
from  the  Wailuku . but  the  precision  of  the  measurements  is  poor  The  samples  dated 
by  Naughton  and  hta  colleagues  may  be  from  an  older  part  of  the  shield  than  those 
dated  by  McDougall  (Naughton  and  others,  I960)  McDougalls  result*  for  four 
samples  of  the  Honolua  Vokamc*  range  only  from  1.18  to  1.20  Ma.  whereas 
Naughton  and  others  ( 1 980)  measured  an  age  of  1 . 30  ± 0. 1 3 Ma  for  a single  sample 
of  the  Honolua  Volcanic*,  Naughton  and  others  (I960)  dated  one  sample  from  the 
Lahaina  Volcanics  at  130  ±0. 10  Ma,  an  age  which  appears  to  be  too  old  on 
stratigraphic  grounds. 

Ijjnai  (9 1 — Only  iboleutK  lava  was  erupted  during  the  slueld  stage  and 
caldera -collapse  phase  of  Lanai  Volcano;  no  later  alkalic  lava  n known.  The  Lanai 
Basalt  consists  of  tbolailic  basalt,  olivine  tholeutic  basalt,  and  pscntK  tholeutic  basalt 
that  erupted  from  the  northwest,  southwest,  and  southeast  nft  zone*  and  from  the 
summit  caldera  underlying  the  present-day  Palawai  Basin.  An  fltlemtve  dike  swarm 
marking  the  southwest  nft  crops  out  along  the  Kaholo  Pkh.  Most  of  the  chke*  are 
nearly  vertical  and  are  about  30  cm  thick. 

Bonhommet  and  others  (1977)  measured  ages  for  ux  samples  of  the  Lanai 
Basalt  that  were  collected  on  the  southern  part  of  the  Lanai  slueld.  The  data  fit  a K 
Ar  isochron  indicating  an  age  for  the  Lanai  Basalt  of  1 .28  ± 0.04  Ma.  Naughton 
and  others  (I960)  obtained  ages  of  0.71  ±1.27  to  0.86±0.55  Ma  for  three 
samples  from  the  northeastern  part  of  the  island.  They  speculate  that  the  northeastern 
part  of  the  shield  may  be  somewhat  younger  than  the  southern  part,  but  the  mean  of 
then  three  ages  <0.81  ±0.66  Ma)  u not  significantly  different  from  the  more  precise 
isochron  age  of  Bonhommrl  and  others  ( 1977)  at  the  95-percent  level  of  confidence. 

Bail  Motolfai  Volcano  (10) l — The  lava  of  East  Molokai  is  wibchvtdrd 
informally  into  an  upper  and  a lower  member  of  the  East  Molokai  Volcanics.  The 
lower  member  consists  of  tholeutic  basalt,  olrvinc  tholeutic  basalt,  and  pscnlic 
tholeutic  basalt  characteristic  of  the  slueld  stage,  but  alkabc  basalt  of  the  post  shield 
stage  occurs  in  the  upper  part  of  the  lower  member.  Beeson  (1976)  and  Clagur  and 
Beeson  (1980)  have  shown  that  tholeutic  and  alkalic  basalt  are  intercalated  m the 
upper  part  of  the  lower  umt.  The  upper  member  consists  predoounanlK  of  mugeante. 
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Midi  smaller  amount*  of  hawante  and  trachyte  and  represent*  the  alkahc  postshsdd 
stage  Following  an  extended  (rational  period,  during  which  the  1 ,200-m  cltffs  on  the 
north  tide  of  the  island  formed,  alkahc  basah  and  hasarate  of  the  rejuvenated  stage 
Kalaupapa  Volcanic*  erupted  to  form  the  Kalaupapa  Penuwuld  and  Mokuhooniki 
Island,  a luff  cone  located  offshore  of  the  east  end  of  the  island.  East  Molokai 
Volcano  was  buifc  by  eruptions  along  eastward-  and  west- north  west  wardottrnd  mg 
nft  zones  and  from  a summit  caldera  about  2.5  lun  by  7 km  in  me.  The  caldera 
hiking  lava  flows  are  similar  to  those  of  the  lower  member  except  that  they  are 
horizontal,  more  massive,  and  more  extensively  altered. 

McDougall  (1964)  dated  two  samples  from  the  lower  member  of  the  East 
Molokai  Volcanic*  Both  ages  agree  at  1.52  Ma.  Naught  or  and  other*  (1900) 
obtained  an  age  of  1 .76  ±0.07  Ma  based  on  several  analyses  of  a single  sample. 
McDoogall  also  dated  three  samples  of  the  upper  member  and  obtained  ages  of  1 .35 
to  1.49  Ma.  A basalt  sample  from  the  Kalaupapa  FVrumula  was  dated  at 
1.24^0.16  Ma  by  Naught  on  and  others  (1900)  but  this  appears  to  be  too  old  in 
new  of  the  younger  ages  (0. 35  ± 0. 03  to  0. 57  ± 0.02)  obtained  for  three  samples  of 
the  Kalaupapa  Volcanic*  by  Clagoe  and  others  (19621 

West  Mtdalfas  Volcano  (II X — The  volcanic  rocks  of  West  Molokai  belong  to 
the  West  Molokai  Volcanscs.  Most  of  the  exposed  lava  is  tholeutK  basalt  of  the  shield 
stage.  Thu  lava  erupted  from  an  east -northeast  rift  zone  that  crosses  the  sumsret  area. 
A leu  pronounced  nft  trends  toward  the  northwest.  There  is  no  evidence  of  a summit 
caldera.  AJkahc  lava  of  the  postshaeld  stage,  predominately  hawante  with  subordmale 
alkahc  basalt,  erupted  from  a series  of  c aider  and  spatter  cones  located  mainly  on  the 
northwest  nft  zone.  No  rejuvenated -stage  lava  is  known.  A shoal  area  extends 
beneath  the  sea  to  the  west -southwest  nearly  65  km  and  include*  Penguin  Bank.  71ns 
bank  probably  represents  a separate  volcansr  center,  but  U has  not  been  studied  and 
bttir  is  known  of  rts  history 

McDoogall  (1964)  dated  one  sample  from  the  summit  of  the  West  Molokai 
shield  at  1 .89  Ma.  From  the  sample  locality,  see  conclude  that  it  is  from  the  tholeutK 
shield  (lower  part  of  West  Molokai  Volcanic*).  Naught  on  and  others  (I960)  dated 
ux  samples  of  the  lower  part  of  the  West  Molokai  Volcanscs  from  three  localities.  The 
three  localities  gave  mean  ages  of  1 .84  i 0.07,  1 .90  ±0.06,  and  1 . 52  0 06  Ma. 

Koolau  Volcano  (I2X — Kooiau  Volcano  on  Oahu  is  composed  of  thoteutic 
basalt,  olivine  tholentK-  basalt,  and  rather  rare  picntic  tholentK  hauh  that  erupted 
from  a long  nft  system  oriented  northwest -southeast.  These  shield  building  flows 
make  up  the  Koolau  Basalt.  Lava  that  ponded  in  the  16-krn  by  I 3-lun  caldera  u also 
tholentK  and  is  called  the  Kailua  Member  of  Koolau  Basak.  The  nft  zone*  are 
identified  by  an  extensive  dike  complex  consisting  of  hundreds  of  nearly  vertKal  dies 
that  average  60-90  cm  thick.  A few  of  the  youngest  flows  of  the  Koolau  Basalt 
appear  to  be  transitional  between  tholeulK  and  alkahc  basalt.  The  rejuvenated-stage 
Honolulu  Volcanic*  erupted  from  about  36  groups  of  vents  following  a long  period  of 
volcanic  quiescence  and  erosion.  The  lava  u strongly  alkahc  and  range*  in  composi- 
tion from  alkahc  basalt,  basamte.  and  nepbrluute.  to  mehlitite,  The  vents  from  which 
these  rocks  erupted  show  no  relationship  to  the  preexisting  nft  zones  or  caldera- 
bounding  (auks.  Many  of  the  vent*  formed  by  violent  hydromagmabc  eruptions  that 
formed  tuff  cooes  commonly  containing  accidental  blocks  of  Koolau  Basalt  and  coral 
lamest  one.  Clague  and  Frey  (1982)  presented  a detailed  trace  element  geochemical 
study  of  the  lava  and  summarized  the  geology  of  the  Honolulu  Volcanic* 

K-Ar  ages  have  been  reported  for  a large  number  of  samples  from  the  Koolau 
Basak  by  McDoogall  (1964)  Funkhouser  and  others  (1968)  McDoogall  and  Ur- 
Rahman  (1972)  and  DoeU  and  Dalrymplr  (1973)  who  also  summarized  and 
evaluated  the  agrs.  The  best  ages  for  the  Koolau  Basak  range  from  I 8 to  2 7 Ma. 
Ages  for  lava  of  the  rejuvenated -stage  Honolulu  VolcanK*  range  from  about  0.03  to 
0.9  Ma  (Funkhouser  and  others.  I960;  Gramhcli  and  others.  1971;  .Steams  and 
Dalrymple.  1978;  Lanphere  and  Datrymple.  I960) 

WbicVKir  Volcano  (73)  — Wasanae  Volcano  IS  divided  into  the  older  Waianae 
Volcanscs  and  the  younger  Kolekolr  Volcanic*.  Ibr  Waianae  VolcaiiK*  is  sub- 
divided into  the  Lunina  let,  Kamaileunu.  and  f’alehua  Members.  The  laialuairi 
Member  consists  of  iholrutK  basalt,  olivine  tholeutK  basak.  and  pKTitic  tholeutK 
basak  of  the  shield  stage.  The  Kamaileunu  Member  consists  of  rocks  that  accumu 
latrd  inside  the  14  km- wide  caldera  and  is  also  composed  mostly  of  tholentK  lava, 
akhough  aikabc  rocks  are  present  near  the  top.  7 he  Kamaileunu  Member  also 


includes  the  only  occurrence  of  sceUndtle  and  rbyodaote  ( Maun  a Kuwale- 
Rhyodacile  Flow)  in  the  Hawaiian  Islands.  The  Palehua  Member  consists  mainly  of 
hawante  with  rather  rare  alkahc  basalt  flows;  it  represents  the  alkahc  post  shield  stage 
The  Kolekole  Volcanscs  represents  the  group  of  young  cones  near  the  southwest  end 
of  the  island  and  a single  flow  of  alkahc  lava  erupted  in  Kolekole  Fas*  The  tholeutK 
shield  lava  erupted  from  three  nft  zones  trending  northwest,  south -southeast,  and 
northeast.  There  is  no  unconformity  between  tholcutk  and  alkahc  lava  within  the 
caldera;  the  boundary  is  transitional  and  may  be  similar  to  the  one  on  East  Molokai . 
K-Ar  age*  have  been  determined  for  a large  number  of  samples  from  the  Waianae 
Volcamcs  by  McDougall  (1964)  Funkhouser  and  others  (1968)  McDougaJl  and 
Ur- Rahman  (1972)  and  Doell  and  Dalrymple  (1973)  who  also  summarized  and 
evaluated  all  of  the  data.  Ages  from  the  Luakialei  and  Kamaileumi  Member*  range 
from  about  3.0  to  3.9  Ma.  Ages  from  the  Pslchua  Member  range  from  about  2. 5 to 
3.2  Ma 

Kauai  (14). — The  Island  of  Kauai  consists  of  a single  large  shield  volcano  with 
a summit  caldera  1 6- 1 9 lun  across  The  Wasmea  Canyon  Basak  has  been  divided 
into  four  members,  but  all  consist  of  tholeutK  basak,  olivine  tholeutK  basak,  and 
abundant  pKntK  tholeutK  basalt.  The  NapaJi  Member  represents  the  shield  stage, 
whereas  the  Olokele  and  Makawrh  Members  represent  the  caldera-filling  phase, 
having  filled  the  summit  caldera  and  a 6-km-wide  graben  on  the  south  flank, 
respectively.  Two  other  calderas  formed  on  the  flanks  of  the  Kauai  shield  volcano:  the 
Lihue  depression.  1 1-16  lun  across,  was  apparently  not  filled  by  tholeulK  lava;  the 
Haupu  caldera,  roughly  3 km  across  was  filled  with  duck  ponded  flows  called  thr 
Haupu  Member  of  the  Waimea  Canyon  Basak  These  are  the  only  flank  calderas 
known  in  the  Hawaiian  Islands.  Near  the  top  of  the  Olokele  and  M aka  well 
Members,  a single  flow  of  hawante  rests  on  a soil  30-60  cm  thsch.  Thu  single  flow 
apparently  represents  the  alkahc  postsiwld  stage  on  Kauai.  Unlike  most  Hawaiian 
volcanoes,  Kauai  has  no  wefl-dehned  rift  zones;  dikes  radiate  from  the  summit  caldera 
in  ajl  directions,  although  they  are  more  concentrated  m the  northeast  and  west- 
southwest  directions. 

Foflowmg  a long  period  of  volcanic  quiescence  and  deep  erosion,  the  alkahc 
rejuvenated  stage  Koloa  Volcamcs  erupted  from  at  least  40  vent)  concentrated  on  the 
south  and  east  flanks  of  the  shield.  Thr  lava  ranges  from  alkahc  basak.  basanste,  and 
nrphebnite.  lo  mebiitite.  The  abundant  vents  located  along  the  southeast  coast 
erupted  almost  entirely  alkahc  basak. 

McDougall  (1964)  reported  ages  for  three  samples  from  the  Napali  Member 
ranging  from  3.63  to  5.77  Ma.  Evemden  and  others  (1 964)  obtained  an  age  of  3.43 
Ma  for  a single  sample  from  the  Napali  In  a more  recent  study.  McDougall  (1979) 
reported  K-Ar  age*  ranging  from  3.81  ~ 0.06  to  5. 14:5:0.20  Ma  for  16  samples  of 
the  Napali  collected  from  three  localities.  He  concluded  that  some  of  the  variation 
was  probably  due  to  differential  Ar  loss,  that  thr  Napali  Member  was  erupted 
between  about  5.1  and  4.3  Ma.  and  that  the  Napali  lava  in  Waipw  Valiev  was 
erupted  ewer  a short  time  interval  at  about  5. 1 2 0.2  Ma. 

Ages  of  4 samples  from  the  Makaweli  Member  range  from  3.60  to  4. 1 5 Ma 
(McEXxjgall,  1964)  Only  three  samples  from  the  Koloa  Volcanic*  (rejuvenated 
stage)  have  been  dated;  two  samples  have  ages  of  0.62  and  1 .21  Ma  (Evemden  and 
other*.  1964)  and  another  an  age  of  1 .46  Ma  (McDougal.  1964) 

jVithcu  (IS) — The  Island  of  Nuhau  consists  of  a deeply  eroded  shield  volcano 
mantled  by  lava  of  the  aftahe  rejuvenated  stage  on  the  north,  west,  and  south  sides. 
The  Puuau  Basalt  consists  of  tholeutK  basak  and  olivine  ibolnitK  basalt  of  thr  shield 
stage  and  the  remnants  of  a single  alkahc  postshield  stage  vent  at  Kaeo.  Several  (hkes 
exposed  near  the  eastern  coastline  are  also  of  alkahc  basak  and  presumably  fed  vents 
that  have  been  completely  removed  by  erosion  A magnificent  dike  swarm  i*  exposed 
in  the  eastern  seacliff  (Dalrymple  and  others,  1973,  fig  5);  these  dike*  trend 
southwest  and  represent  a nft  zone.  The  summit  of  the  volcano  was  northeast  of  thr 
present  day  island,  and  the  eastern  side  of  thr  volcano  has  been  removed  by  erosion 
or  down  fault  mg  I he  period  of  volcanic  quiescence  and  marine  erosion  that  removed 
the  eastern  ink  al  the  shield  was  followed  by  eruption  of  the  alkahc  rejuvenated  stage 
lava  ol  the  Kiekie  Basalt,  wfuch  n entirely  alkahc  basalt.  Lehua  island  off  the  north 
shore  is  a breached  tuff  cane  of  the  Kielur  Basak. 

Ages  for  Nuhau  have  not  been  published,  but  data  for  I I tholentK  flow*  and 
dikes  of  the  l^roiau  Basalt  fit  a K Ar  isochron  with  an  age  of  4.89  • 0. 1 1 Ma  (C.  B. 
Dalrymple,  unpub  data,  1983) 
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KcmJa  Island  (ISA).  — Kaul*  Island  is  a small  tuff  con e an  a large  submarine 
edifice  THe  edifice  almost  surrfy  represent*  * separate  shield  volcano  related  to  die 
Hawaiian  Islands,  but  A hat  not  been  sampled  Tbe  tuff  cone  w probably  a vmt  of 
tbe  aliaJic  rejuvenated  stage.  Garcia.  Frey  and  Grooms  tin  press)  described 
accidental  blocks  of  thoieutx  basalt,  basarate,  pbanolite , and  ultramabr  aenolitbs  that 
occur  «i  tbe  tuff. 

Gama.  Grooms,  and  Naugbton  ( in  press)  obtained  K-Ar  ages  for  two 
pbanolite  blocks  and  a basanite  from  the  tuff;  they  determined  ages  of  4.00  *0.09 
and  4.22  ±0.25  Ma  for  pbooobte  samples,  3.96  ±0.70  Ms  fur  a bwtile  separated 
from  tbe  pbonoltte.  and  I 6 ±0.2  Ma  for  tbe  basamte. 

On  tbe  basis  of  the  composition  and  age  of  the  pbonoHle.  wr  propose  I bat  the 
pbooobte  a from  tbe  alkabc  postsbseld  stage,  tbe  basamlr  blocks  are  from  rejuvr 
nated  stage  flows  underlymg  tbe  tuff  cone  (Gama,  Frey,  and  Grooms,  us  press),  and 
thoieutx  kasak  represents  tbe  shield  stage. 

.Yahoo  Island  (17) — Nihon  Island  is  a remnant  of  a large  thoieutx  shield  with 
flows  dipping  S°— 10°  to  tbe  southwest.  All  tbe  flows  exposed  on  Nihoa  are  of 
thoieutx  basalt,  and  they  range  from  aphyrn  to  porphyntx  in  texture  (Dalrymple 
and  olbers,  1974) 

Funkbouser  and  others  (1968)  obtained  an  age  of  7. 5 ±0.4  Ma  for  a single 
sample  from  Niboa  Island.  Dalrymplr  and  others  (1974)  reported  a best  weighted 
mean  age  of  7.2  ±0.3  Ma  for  six  samples  of  tboieutsc  basalt  from  the  island. 

Unnamed  Seamount  (19).  — A single  sample  dredged  by  the  Hawau  Institute 
of  Geophysics  from  this  seamount  has  been  analyzed  (Gama,  Frey,  and  Naugbton. 
m press)  Tbe  samples  in  dredge  9 11  are  moderately  akrrrd  pan  Ik:  tholrsitx  to 
tranutsonal  basalt  with  about  30  percent  olivine  pbenocrysts.  These  probably 
erupted  during  tbe  late  shield  stage  or  tbe  caldera -filling  phase.  TV  seamount  is 
undated 

Unnamed  Seamount  (20) L — On  tbe  second  leg  of  tbe  Hawau  Institute  of 
Geophysics  cruise  72-07-02.  dredge  51  recovered  tholentK  basalt  with  20  percent 
pbenocrysts  of  augite,  plagiocUse,  and  olivine,  and  aphyrn  a Bui  be  lava  of  basanite 
composition  (CUgue,  1974a;  Gama,  Frey,  and  Naugbton.  un  press)  These  rocks 
probably  erupted  during  tbe  shield  and  tbe  alkabc  rejuvenated  stages,  respectively 
Garcia,  Frey,  and  Naugbton  (in  press)  obtained  a weighted  mean  age  of  9.6  ±0.8 
Ma  for  four  analyses  of  two  of  the  dredged  alkabc  has  ah  samples. 

Unnamed  Seomounf  (21). — On  the  second  leg  of  tbe  Hawaii  Institute  of 
Geophysics  cruise  72-07-02,  dredge  49  recovered  tholrutx  to  transitional  basalt 
containing  20  percent  pbenocrysts  of  almne  and  augite  (Clague,  1974a)  This  lava 
probably  erupted  during  the  shield  stage.  TV  volcano  is  undated. 

Meeker  Island  (23)  — Samples  have  been  collected  from  Nee  her  Island 
(Dalrymplr  and  others.  1974)  and  others  have  been  dredged  from  the  submarine 
flanks  of  tbe  volcano  during  Hawau  Institute  of  Geophysics  cruises  72-07-02  (second 
leg,  dredge  48)  and  KK8408-06-01  (Clague,  1974a;  Campbell  and  others, 
1964)  TV  subaertaJ  samples  are  mostly  pscntic  tboientic  basalt  collecled  from  flows 
dipping  l(T  to  tbe  north- northwest . Palmer  ( 1927)  described  two  dikes  that  are 
alkabc  lava.  One  n highly  altered,  but  an  the  basis  at  chemical  analysis  appears  to  be 
a oepbrimitc.  tbe  other  is  described  as  a bawante.  These  two  dikes  probably  fed  vents 
during  the  alkabc  rejuvenated  stage  and  afcahe  post  shield  stage,  respectively.  TV 
single  lava  sample  dredged  m 1972  is  a rhyolite  porphyry  (Clague  and  Dalrymple. 
1975)  This  rock  type  is  unknown  from  elsewhere  in  the  Hawaiian- Emperor  Chain, 
and  wr  suspect  that  it  is  eitbrr  an  ice  rafted  erratic  or  a piece  of  ship's  ballast  TV 
1964  dredges  have  not  yet  been  analyzed  but  contain  calcareous  sediment,  vol 
cansdastic  breccia,  basalt,  and  hyaloclastite. 

Funkbouser  and  others  < 1968)  reported  an  age  of  1 1 . 3 ± 0. 6 Ma  far  a smglr 
sample  of  subaenal  basalt  Dalrymple  and  others  (1974)  dated  two  samples  of 
tholeutsc  basalt  from  tbe  island;  they  gave  a mean  age  at  10. 3 ±0.4  Ma.  TV  rhyolite 
porphyry  has  a Cretaceous  age  (Clague  and  Dalrymple.  1975) 

Im  Peroutc  Pinnacle  (French  Fngd rs  Shoal ) (2b)  — La  fVrotne  Pinnacle  and 
an  even  smaller  adjacent  rock  are  the  only  subaenal  exposures  of  volcanos  nxk  within 
French  Frigates  Shoal,  a coral  aloll  consisting  of  15  or  16  small  sand  islets  La 
FVruusr  Pinnacle  n a stack  of  lava  flows  that  dip  I *-2®  to  the  northwest  TV 
subaenal  flows  are  pxntx  tholes  tic  basalt  (Dalrymple  and  others.  1974)  that 


probably  erupted  during  the  shield  stage.  Four  dated  samples  have  a mean  age  at 

| I2.0±0  4 Ma 

Brook*  Bank  (28)  — Thrre  samples  have  been  analyzed  from  dredge  4 1 of  tbe 
second  Irg  of  the  Hawau  Institute  of  Geophysics  cruise  72-07-0 2 (CUgue.  1974a; 
Garcia.  Frey,  ind  Naugbton.  m press)  Two  of  these  samples  are  bawaute,  probably 
from  the  same  flow,  and  the  third  sample  is  an  ohvmr  basalt  transitional  between 
tholeuUc  and  afcahe  basalt.  TV  hawaulr  probably  erupted  during  the  dkalsr 
post  shield  stage  and  tbe  transitional  basalt  during  either  the  late  shield  stage  or  the 
1 caldera -coliapae  phase.  TV  bawante  and  aDaiic  basalt  have  a mean  age  at 

1 3.0  ±0  06  Ma. 

Si  Rofatien  Bank  (29)  — A single  sample  has  been  analyzed  from  dredge  44 
at  tbr  second  Irg  of  the  Hawau  Institute  of  Geophysics  crusse  72  07-02  (Clague, 
1974a)  TV  sample  IS  an  aphync  haw  ante  that  probably  erupted  during  tbe  alkabc 
postsbseld  stage,  it  has  not  been  dated 

Gardner  fWuclrs  ( 30)  — TV  two  locks  that  constitute  Gardner  Pinnacles  are 
| tbe  westernmost  subaenal  exposures  of  volcanic  rock  to  the  Hawaiian  Cham.  TV 
| alkabc  basalt  flows  that  make  up  the  rocks  <bp  1 5°  to  the  west  and  are  cut  by  several 
east-trending  dikes  (Dalrymple  and  others.  19741  Dredgrd  samples  at  geo 
chemically  tanslar.  though  less  differentiated,  alkalis  basalt  were  recovered  m dredge 
37  from  the  second  leg  of  tV  Hawau  Institute  of  Geophysics  cruise  72-07-02 
I (Clague.  1974;  Garcia,  Frey,  and  Naughton,  in  press)  A later  dredge  an  the  flank 
of  Gardner  Puusades  (HIG  dredge  6-7:  see  Garcia,  Frey,  and  Naughton.  at  press) 
recovered  largely  unaltered  psentx  thoieutx  basalt.  Wr  infer  that  the  pxntx  tholeutK 
basalt  erupted  during  the  thseld  stage  and  the  alkabc  basalt  flows  during  the 
post  shield  stage  Additional  samples  have  recently  been  recovered  during  Hawaii 
Institute  of  Geophysics  cruise  KK84-G4-28-05  from  a number  of  dredge  stations  on 
Gardner  FSnnacles.  but  these  have  yet  to  be  analyzed  (Campbrl  and  others,  1984) 

Samples  from  tbe  island  were  too  altered  for  dating  (Dalrymple  and  otben. 
1974)  but  Garcia,  Frey,  and  Naughton  (m  press)  nbtamrd  a weighted  mean  age  cf 
1 2. 3 ± 1 .0  Ma  for  two  dredged  samples  of  alkabc  basalt  and  oar  at  thoieutx  basah 

Layton  I Hand  (36)  — A single  dredge  during  U.S.  Geologxal  Survey  cruise 
LE.E8-76-NP  recovered  a variety  of  hawautr  and  mugrantr  pebbles  (Dalrymplr 
and  others.  1961)  that  probably  erupted  during  tbe  alkalu  postshield  stage. 
Conventional  K Ar  and  4,1  Ar-  wAr  measurements  on  five  of  the  samples  fall  within 
the  range  18.8-21 .4  Ma,  and  40 Ar  wAr  incremental  beating  experiments  an  three 
samples  gave  a mean  age  of  1 9.9  ±0.3  Ma. 

•Northampton  Bank  (37)  — A Hawaii  Institute  of  (xaphyixs  cruue  sampled 
[ the  south  side  of  Northampton  Bank  and  recovered  coral  reef  debris,  psentx 
I holm  l ii  basalt,  and  olivine  thoieutx  basalt  that  probably  erupted  during  the  shield 
stage.  Dalrymple  and  others  1 1 981)  reported  conventional  K-Ar  and  wAr  wAi 
, age  data  for  three  dredged  samples  at  tholnitx  basalt . Only  one  of  the  samples  gave  a 
40 Ar  wAr  age  spectrum  plateau.  TV  mfrTred  age  for  that  sample  ts  26.6  ±2. 7 
Ma. 

Pioneer  Bank  (39) — On  the  second  leg  of  the  I iawan  Institute  of  Geophysxs 
j cruise  72-07-02.  dredge  25  recovered  pillow  breccia  of  obvme  thoieutx  basalt 
I (CUgue.  1 974a)  that  probably  erupted  during  the  shield  stage  The  vokano  ss 
undated 

Peud  and  Hemet  Reef  (50). — On  the  second  leg  of  the  Hawaii  Institute  of 
Geophysxs  ctusse  72-07-02.  dredge  24  recovered  round  clasts  of  altabc  basalt, 
j hawaulr.  and  nephrline  phooulite  (CUgue  and  utbrrs,  1975)  that  probably  erupted 
i during  tbe  alkalic  postshield  stage  It  is  possible  that  the  phonolstr  sample  erupted 
during  an  alkalic  rrjuvenated  stage,  although  other  pbnnolile  samples  from  Koko 
Seamount  m the  I jnperor  Seamounts  are  all  interpreted  to  have  erupted  during  the 
alkalx  post  shield  stage  (C  lague.  1974a)  IV  weighted  mean  age  at  phonolitc. 
hawairlr.  and  alkali,  basalt  is  20  6 ±0  i Ma 

Ladd  Bank  (51) — On  the  second  leg  cf  tbr  Hawau  Institute  at  Geophysxs 
cruise  72-07-02,  dredge  23  recovered  a suiglr  fresh  cUst  of  ankaramile  vitrophyrr 
that  is  composit  tonally  similar  to  a basaiutr  or  nrphrlinitr  (Clague,  1974a)  This 
sample  probably  erupted  during  an  alkalx.  rejuvenated  stage,  it  is  undated. 
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Mtdmay  Island  (52) — In  1965.  two  holes  were  drilled  through  the  reef  an 
Midway  and  into  flows  of  tholeutic  basalt  (Ladd  and  others,  1967).  Analyses  of  the 
thulmtsc  flows  are  presented  in  Dalrymple  and  others  (1974)  and  of  hawante  and 
mugrante  cobbles  from  a conglomerate  overlying  the  flows  in  Dalrymple  and  others 
(1977)  We  infer  that  the  tholesrtx  flows  erupted  during  the  slueld  stage  and  the 
hawante  and  mugeartte  during  an  aikahe  postshield  stage. 

Dalrymple  and  others  ( 1974)  reported  ages  for  four  samples  of  tholeutic  basalt 
from  the  reef  drill  bole  at  Midway.  The  ages  ranged  from  10.8  to  18.2  Ma.  In  the 
later  study,  Dalrymple  and  others  (1977)  reported  an  age  for  Midway  of  27.7  ±0.6 
Ma  based  on  conventional  KAr  and  *°Ar- wAr  analyses  cf  two  unaltered  samples 
of  hawaiMe  and  nsugeantr  from  the  conglomerate.  Incremental  heating  experiments 
showed  (hat  the  coaventionaJ  K Ar  ages  obtained  earber  for  the  tholentK  basalt 
samples  do  not  represent  crystallization  ages 

Nero  Ban^  (53). — Scrippa  institution  of  Oceanography  rrusse  TASADAY 
III  recovered  a vitrophyre  of  picntic  tholeutic  basalt  that  probably  erupted  during  the 
shield  stage  (Hague,  1974a);  it  is  undated. 

Unnamed  .Seamount  (57) — On  the  second  leg  of  the  Hawaii  Institute  of 
Geophysics  cruise  72-07-02.  dredge  20  recovered  several  samples  of  open-textured 
alkalic  basalt  that  probably  erupted  during  an  alkalic  postshield  stage  (Hague  and 
others,  1975)  Three  samples  of  the  basalt  have  concordant  K- Ax  ages  with  a mean 
of  28.0 ±0.04  Ma. 

Unnamed  Seamount  (58)  — DSDP  Site  311,  located  240  km  west  of 
Midway  Island,  recovered  volcanogrtuc  deposits  from  the  archipelagic  apron  of  this 
volcano  (Larson  and  others,  1975)  that  yielded  a nannoplankton  age  of  31  -28  Ma 
(Bukry,  1975) 

Unnamed  Seamount  (63)  — Scnpps  Institution  of  Oceanography  crane  TAS- 
ADAY III  recovered  a wide  range  of  afliahc  Lava  types  including  ankaranute. 
anakime  tephnte.  amphtboie  bearing  tephrite.  and  amphsbole  bearing  hawante 
(Hague.  1974a,  1974b;  Hague  and  others,  1975)  These  strongly  alkalic  rocks 

probably  originated  by  crystal  fractionation  from  alkalic  rejuvenated  Hagr  basamtic 
parental  magma.  Hague  and  others  (1975)  obtained  concordant  K-Ar  results  from 
three  samples  of  the  alkalic  lava;  the  mean  age  is  27.4  ±0.05  Ma. 

Hancock  Seamount  (64).  — Hawaii  Institute  of  Geophysics  cruise  KK84- 
04-28-05  recently  recovered  samples  in  a number  of  dredges  from  Hancock 
Seamount;  these  samples  have  not  been  analyzed  or  dated  (Campbell  and  others, 
1964) 

Colahan  Seamount  (65). — On  U.S.  Geological  Survey  crane  L8-82-NP. 
dredge  4 recovered  samples  of  transitional  basalt,  tephnte.  and  ampiuboie- bearing 
hawante  (Duncan  and  Hague.  1964;  D A Hague,  unpub  data.  1983)  that 
probably  erupted  during  an  alkalic  rejuvenated  stage.  Analysis  of  these  samples  n still 
in  progress;  therefore  the  identification  of  eruptive  stage  i*  less  certain  than  for  the 
other  seamounts.  Duncan  and  Hague  (1984)  have  reported  '*'Ar-wAr  total-fusion 
ages  of  37. 5 ±0.3  and  39. 8 ±0.2  Ma  for  two  alkalic  basalt  samples. 

Abbott  Seamount  (65A).—On  U.S.  Geological  Survey  cruise  L6-82-NP, 
dredges  2 and  3 recovered  samples  of  tranutsonal  to  alkalic  basalt  that  probably 
erupted  during  the  late  shield  stage  or  caldera  collapse  phase  (Duncan  and  Hague. 
1964)  Analyus  of  these  samples  u still  m progresi.  Duncan  and  Hague  (1984) 
reported  *°Ar-  wAr  total-fuiaon  ages  of  40.4  — 0. 5 and  36.  3 ± 0.  3 Ma  for  two  of 
the  samples. 

Kammu  Seamount  (66) — On  .Scnpps  Institution  of  Orranngraphy  rnuse 
AIRES  VII.  dredge  54  recovered  abundant  carbonate  reef  debris  but  no  volcanic 
rocks.  N.  Sachs  (quoted  in  Hague  and  jarrard.  1973)  identified  -Spiro*  lypeiu 
vanabti*  Tan. , a Urge  foraminifrr  of  late  Eocene  age 

Daikakuji  Seamount  (67) — On  Srrippi  Institution  of  Oceanography  cruise 
AIRES  VII.  dredge  55  recovered  a range  cf  lava  samples  including  hypersthme 
bearing  tholeutic  basalt,  basalt  transitional  between  tholeutic  and  alkalic  basalt,  and 
aliabr  basalt  (Hague,  1974a;  Dalrymple  and  Hague,  1976)  Micruprobe  analyses 
of  glass  raids  on  some  of  these  samples  are  in  agreement  with  the  published  analytes  | 


on  altered  whole-rock  samples  The  tholesitic  basalt  is  mterpreted  to  have  erupted 
chirm*  the  shield  stage,  the  transitional  basalt  during  the  late  shield  stage  or  caldera 
filling  phase,  and  the  alkalic  basalt  during  the  alkalic  postshield  stage. 

Dalrymple  and  Hague  (1976)  made  convent  social  K-Ar  and  40Ar-wAi  age 
determinations  on  tholeutic  and  alkahc  basalt  and  on  plagmclase  separates.  On  the 
basis  of  40  Ar  ^Ar  mcremental- heating  results  from  the  alkahc  basalt  and 
40 Ar  v,Ar  total  fusion  analyses  of  the  plagsoclases  samples,  they  concluded  that  the 
best  age  for  the  seamount  was  42-4  ±2. 3 Ma 

Yuryaku  Seamount  (69). — On  Scnpps  Institution  of  Oceanography  cruise 
AIRES  VII,  dredge  53  recovered  several  fairly  fresh  pebbles  of  alkalic  basalt 
(Hague,  1974a:  Hague  and  others,  1975.  Dalrymple  and  Hague.  1976)  These 
samples  probably  erupted  during  the  alkahc  postshield  stage. 

Hague  and  others  (1975)  determined  an  age  of  43.4  ± I 6 Ma  for  Yuryakuon 
the  basis  of  *°Ar-**Ar  incremental -hralmg  experiment  s on  two  dredged  samples  of 
alkahc  bauh 

Krnvnei  Seamount  (72) — On  Scnpps  Institution  of  Oceanography  cruise 
AIRES  VII,  dredges  5 1 and  52  recovered  several  samples  of  alkahc  basalt  that  have 
been  analyzed  (Hague,  1 974a;  Dalrymple  and  Hague,  1 976)  Two  of  these  samples 
are  rather  severely  pbosphatued,  but  afl  three  probably  erupted  during  the  alkahc 
postshield  stage. 

Dalrymple  and  Hague  concluded  that  the  best  age  for  Kimrori  was  39.9  ± 1 .2 
Ma  from  ^Ar-^Ar  incremental -he atmg  experiment s on  three  dredged  samples  of 
alkalic  basalt. 

Kokp  Seamount,  southeast  part  (74)~ On  Scnpps  Institution  of  Qceanogra 
pby  crane  AIRES  VII,  dredge  43  recovered  a large  colecbon  of  rounded  volcanic 
beach  cobbles  and  abundant  coral  fragments.  The  volcanic  cobbles  include  tholeiitic 
basalt,  alkahc  basalt,  hawante,  mugrantr,  trachyte,  and  phanolite  (Hague.  1974a) 
The  tholeutic  basak  probably  erupted  during  the  shield  stage  and  the  entire  suite  of 
related  alkahc  Lava  types  probably  erupted  during  the  alkahc  postshield  stage. 
DSDP  Leg  32  drilled  two  shallow  holes  on  Koko  Seamount,  bat  neither  reached 
volcanic  basement  (Larson  and  others.  1975)  The  structure  and  seismic  stratigraphy 
of  the  seamount  are  described  by  Davies  and  others  (1972)  and  Greene  and  others 
(I960) 

Hague  and  Dalrymple  (1973)  obtained  conventional  K-Ar  and  40 Ar  **  Ax 
total  fusion  data  on  seven  dredged  samples  of  saxudine  trachyte,  alkahc  basalt,  and 
phonobte  Kruramenacher  (cited  m Hague  and  Jarrard,  1973)  obtained  K-Ar  ages 
of  saxudine  from  two  trachyte  samples.  The  data  are  concordant  and  have  a mean  of 
48. 1 ±0.8  Ma  (Dalrymple  and  Hague.  1976) 

Koko  Seamount,  norihuvsl  flank  (76) — On  Scnpps  Institution  of  Oceanogra- 
phy cruiw  AIRES  V|I.  dredge  44  recovered  pel  low  fragments  of  differentiated 
tholeutic  basalt  from  the  northwest  flank  of  Koko  Seamount  (Hague  and  Dalrymple. 
1972;  Hague  1974a)  This  lava  probably  erupted  from  a nft  zone  during  the  shield 

itage. 

Ojifi  Seamount  (8/). — DSDP  Leg  55  drilled  site  430  through  a iagoonal 
ied invent  pond  near  the  center  of  Opn  Seamount  (Jackson  and  others,  I960)  Five 
lava  flows  were  penetrated,  ti*  hiding  four  flows  of  aphync  to  sparsely  porphynbe 
hawaiile  and  an  undcrfymg  flow  of  thoieislsc  basalt  (Kirkpatrick  and  others.  I960) 
The  overlying  sediment  consists  of  shallow-water  carbonate  reef  or  bank  deposits. 
The  flows  were  clearly  erupted  subaerully:  a red  sotl  zone  was  recovered  between 
two  of  them  The  four  hawante  flows  were  apparently  erupted  rather  rapadly.  because 
their  paleomagnetic  intimations  are  very  similar  (Kono.  1980)  The  lowermost 
tholeutic  flow  probably  erupted  during  the  shield  stage,  whereas  the  hawante  flows 
probably  erupted  during  an  alkali*  postshield  si  age 

Dalrymple  and  others  (I960)  oblamed  an  age  of  55. 2 ±0-7  Ma  for  Ojinon  the 
basis  of  ^Ar-  wAf  incremental  - heating  results  from  two  samples  of  hawante  and  one 
sample  of  tholentK  basalt  recovered  during  drilling  of  DSDP  site  430. 

Jingu  Seamount  (83)  — A Hawaii  Institute  of  Geophysics  cruise  in  July  1977 
recovered  several  fresh  samples  and  abundant  moderately  altered  samples  of  hawaute 
and  mugeanie  (Dalrymple  and  Garcia,  I960)  that  probably  erupted  during  an 
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alkalic  post  shield  stage. 

Dairy-tuple  and  Garda  (l%0)  reported  an  age  of  55.4  ±0.9  Ma  for  Jingu 
based  on  ^Ar-^Ar  incremental- healing  experiments  on  three  of  these  dredged 
samples  of  hawaiite  and  imigcante. 

Nintoku  Seamount  ( 86). — DSDP  Leg  55  drilled  site  432  into  a lagoonal 
sediment  pond  cm  the  top  of  Nintohu  Seamount  (Jackson  and  others.  1 960 1 Samples 
of  three  lava  flow*  were  recovered  from  beneath  sandstone,  conglomerate,  and  a thm 
red  clay  horizon  The  Sows  are  all  alkalic  lava.  The  top  two  flows  are  identical 
feldspar -porphyntsc  alkalic  basalt,  and  the  bottom  flow  is  transitional  between  alkalic 
basalt  and  hawaute  All  three  flows  probably  erupted  during  the  alkalx  post  shield 
stage.  As  on  Ojan  Seamount,  these  flows  were  clearly  erupted  subaerially 

Diirymplr  and  others  (I960)  obtained  *°Ar- wAr  data  from  two  samples 
recovered  during  drilling  of  DSDP  site  432.  Only  one  of  the  samples  gave  easily 
mterpretable  results,  and  that  one  indicated  an  age  of  56.2  ±06  Ma. 

Yomei  Seamoant  (88) L — DSDP  Leg  55  drilled  two  holes  at  site  431  on  a 
faulted  terrace  (Jackson  and  others.  19603  Neither  hole  reached  vulcanic  basement. 
The  upper  7.5  m consisted  of  fragments  of  manganese -oxide  crust,  authtgeruc 
s the  ate*,  phosphate,  ice- rafted  pebbles,  and  calcareous  sand  of  Quaternary  age.  The 
lower  9.5  m consisted  of  authigrmc  silicates,  manganese-oxide  crust  fragments, 
altered  basalt  clasts,  and  calcareous  sand  of  middle  Eocene  age. 

Suttfco  Seamount,  southern  part  (90). — Sarto  and  Ozitna  (1975,  1977) 
obtained  a *Ar-wAl  incremental-heating  isochron  age  of  59. 6 ±0.6  Ma  for  a 
single  sample  of  rouge  ante  dredged  from  the  southern  part  of  Stnko.  The  rehabslity  of 
this  age  has  been  questioned,  however,  on  the  basis  of  ( I ) selection  of  the  sample  from 
a variety  of  ice-rafted  material  dredged  from  Suako  and  (2)  the  unorthodox  and 
potentially  misleading  treatment  of  the  ^Ar- wAi  data  (Dalrympie  and  others, 
I960)  Three  conventional  K-Ar  determinations  ranging  from  22  Ma  to  43  Ma  on 
samples  from  the  same  dredged  material  (Ozmsa  and  others.  1970)  are  unreliable 
because  of  severe  sample  alteration.  The  sample  of  rouge  ante  could  represent  lava  of 


an  alkalic  postshield  stage;  however,  the  presence  of  abundant  ice-rafted  material 
(Ozima  and  others,  1970)  creates  obvious  difficulties  in  identifying  an  indigenous 
sample  from  among  the  errabes. 

Suit o Seamount,  central  part  (91). — DSDP  Leg  55  drilled  a deep  reentry 
hole  (43 3C)  in  a lagoonal  sediment  pond  (Jackson  and  others.  I960)  on  top  of  Suako 
Seamount.  The  hole  penetrated  550,5  m.  the  lower  367.5  m entirely  in  basalt. 
Sample*  of  more  than  100  flows  or  flow  lobes  were  recovered,  of  which  the  upper 
three  flow  units  are  alkalic  basalt  and  the  remainder  are  tholesitic  basalt  and  picntK 
thoientK  basalt.  The  three  afcalic  flows  probably  engjted  during  a postshield  stage, 
whereas  the  thick  sequence  of  tholeutic  lava  represents  the  shield  stage. 

Dalrympte  and  others  (I960)  determined  an  age  of  64. 7 ±1.1  Ma  for  two 
samples  of  alkxbc  and  tholeutic  basalt  recovered  during  drilling  of  DSDP  site  433C. 
The  data  were  obtained  by  40 Ar- w At  incremental  healing. 

7cryi  Seamount  (98/  — A single  dredge  was  obtained  from  Tenp  Seamount  by 
the  U S.  Coast  Guard  Cutter  Glacier  m September  1971  (Bargar  and  others, 
19753  The  small  group  of  rocks  recovered  included  samples  of  basalt,  crystal  luff, 
volcamdastic  sandstone,  mudstone,  graywacke.  and  a manganese  nodule.  Some  of 
the  lava  samples  could  be  derived  from  I be  seamount,  but  the  rest  are  clearly  glacial 
erratics  None  of  the  samples  was  dated  because  of  the  uncertainty  of  their  origin. 

Meiji  Seamount  (108). — DSDP  Leg  19  drilled  site  192  on  top  of  Metji 
Seamount.  A thickness  of  1 3 m of  pillow  basah  with  glassy  margins  was  recovered; 
the  rocks  are  highly  altered,  but  interpretation  of  the  immobile  trace  elements  suggests 
that  they  are  tholeutic  basalt  erupted  during  the  shield  stage  (Dakymple  and  others. 

I960b3 

The  only  radiometric  data  available  for  Mrtp  is  a minimum  age  of  61  9±  5,0 
Ma  for  highly  altered  basah  recovered  during  drilling  of  DSDP  site  192  (Dalrympie 
and  others,  I9fl0b3  This  age  is  considerably  less  than  the  70-68  Ma  for  overlying 
sediments  based  on  nannoflora  (Worsley,  1973/ 
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THE  HAWAIIAN-EMPEROR  VOLCANIC  CHAIN 
Part  II 

Stratigraphic  Framework  of  Volcanic  Rocks  of  the  Hawaiian  Islands 

By  Virginia  A.M.  Langcnhcim  and  David  A.  Clague 


ABSTRACT 

Stratigraphy  U an  important  tool  for  understanding  the 
geologic  history  of  the  volcanoes  of  the  Hawaiian  Islands, 
providing  a framework  for  much  information  from  other  geo- 
logic and  related  fields.  Three  major  eruptive  stages  in  a 
Hawaiian  volcanos  life — shield  stage  (tboleiitic),  postshield 
stage  (alkalic),  and  rejuvenated  stage  (alkaiic) — have  generally 
provided  a basis  for  dividing  the  volcanic  rocks  into  strat- 
igraphic units.  Such  units  are  basic  to  stratigraphy,  and  suitable 
nomenclature  for  them  helps  promote  unambiguous  scientific 
communication  regarding  the  spatial  and  temporal  relations  of 
rocks.  The  stratigraphic  nomenclature  of  the  Hawaiian  Islands 
is  herein  reviewed  and  updated  to  reflect  current  scientific 
needs  and  to  be  consistent  with  the  most  recent  (1983)  North 
American  Stratigraphic  Code. 

The  major  divisions  of  volcanic  rocks  on  each  island  for- 
merly called  “Volcanic  Series"  are  all  considered  to  be  of 
fonnational  rank  and  renamed  accordingly.  Their  names  reflect 
either  a predominant  commonly  accepted  lithologic  type  (such 
as  “Basalt”)  or  the  variety  of  volcanic  lithologies  in  the  unit 
(those  units  are  called  “Volcanics").  Only  those  subdivisions  of 
the  major  units  that  are  currently  considered  to  be  useful  as 
formally  named  units  of  member  or  lesser  rank  are  retained; 
others  are  considered  to  he  informal.  Principal  and  other  refer- 
ence localities  are  designated  for  those  well-established  units 
for  which  a type  locality  was  not  previously  specified. 

We  give  in  tabular  form  a brief  summary  of  each  strat- 
igraphic unit,  including  its  lithology,  occurrence,  thickness,  type 
and  reference  localities,  stratigraphic  relations,  age,  and  any 
stratigraphic  changes  made  herein. 

INTRODUCTION 

Stratigraphy  is  an  important  tool  for  understanding  the  geo- 
logic history  of  the  Hawaiian  Islands,  providing  a framework  into 
which  much  of  the  scientific  information  contributed  by  other  geo- 
logic and  related  fields  can  be  hi  in  an  organized  manner. 

The  purpose  of  this  paper  is  to  present  a brief  summary  of  the 
volcanic  stratigraphy  of  the  islands,  and,  because  the  discrimination 
of  stratigraphic  units  is  basic  to  stratigraphy,  to  review  the  strat- 
igraphic nomenclature  for  these  rocks  and  update  it  as  far  as  possible 
to  reflect  current  scientific  needs  and  to  conform  to  the  most  recent 
North  American  Stratigraphic  Code  (North  American  Commission 
on  Stratigraphic  Nomenclature,  I983X  In  order  to  present  a better 
view  of  the  stratigraphy  of  the  volcanic  rocks  of  the  islands,  we  begin 
with  a short  discussion  of  the  geologic  setting. 
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GEOLOGIC  SETTING 

The  Hawaiian  Islands  consist  of  a chain  of  volcanoes  that 
stretches  about  2,700  km  (1,700  mi)  across  the  northern  Pacific 
Ocean  in  a northwesterly  direction  from  the  Island  of  Hawaii  to 
Kure  Island  (fig.  I.20X  The  principal  (so-called  Windward) 
Hawaiian  Islands  of  Hawaii,  Maui,  Kahoolawe,  Lanai,  Molokai, 
Oahu,  Kauai,  Niihau,  and  Kaula  lie  at  the  southeastern  end  of  the 
chain.  All  of  these  islands  are  formed  by  large  volcanoes,  though 
Kaula  is  only  a small  crescent -shaped  erosional  remnant  of  a tuff 
cone,  presumably  resting  on  a large  submerged  volcano.  Some  of  the 
islands  are  formed  by  a single  volcano,  others  by  two  or  more 
coalesced  volcanoes.  The  subaerial  part  of  these  volcanoes,  which 
constitutes  only  a small  fraction  of  the  total  mass  of  each  volcano,  is 
typically  shield  shaped.  In  older  vokanoes,  this  shield  shape  is 
largely  modified  by  erosion.  The  rocks  of  the  southeastern  islands 
are  almost  entirely  of  volcanic  origin;  only  minor  amounts  of 
sedimentary  rocks  occur.  Northwest  of  the  Windward  Islands  lie  the 
so-called  Leeward  Hawaiian  Islands  (fig.  I.20X  which  consist  of 
small  volcanic  islets  and  atolls;  only  few  of  the  volcanoes  there  nse 
above  the  sea. 

The  age  of  the  vokanoes  increases  progressively  from  the 
southeast  end,  where  the  vokanoes  are  still  active,  to  the  northwest 
end,  where  the  vokanoes  are  about  30  Ma.  Most  of  the  vokanoes 
have  been  actinct  for  millions  of  years.  The  only  historical  eruptions 
have  been  at  East  Maui  (Haleakala)  Volcano  on  the  Island  of 
Maui,  and  Hualalai,  Mauna  Loa,  and  Kilauea  Volcanoes  on  the 
Island  of  Hawaii;  Mauna  Loa  and  Kilauea  are  frequently  active. 
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Hawaiian  volcanoes  go  through  four  major  eruptive  stages — 
preshield,  shield,  postshidd,  and  rejuvenated  stages — in  their 
evolution  and  growth,  and  each  stage  is  represented  by  rocks  of 
distinct  chemical  and  mioeralogical  composition.  The  stages  used  in 
this  report  are  from  Clague  and  Dairympie  (chapter  I , part  I);  see 
also  Peterson  and  Moore  (chapter  7)  for  discussion  of  alternative 
nomenclature.  All  but  the  preshield  stage  are  well  studied  and 
documented  (Steams.  1940b;  Macdonald  and  Kalsura,  1964; 
Macdonald,  1968).  Although  an  individual  volcano  may  become 
extinct  before  all  the  stages  are  complete,  the  general  sequence  of 
stages  is  typical  of  well  studied  Hawaiian  volcanoes. 

Very  little  is  known  about  the  prcshield  stage,  which  includes 
the  earliest  phase  of  submarine  activity  and,  in  the  one  known 
example  (Loihi  Seamount,  fig.  1.20),  apparently  consists  of  alkaiic 
basalt  and  basamte  (Moore  and  others,  1982).  The  main  volcanic 
edifice  (more  than  95  percent  of  the  total  volume  of  the  volcano)  is 
constructed,  in  perhaps  a million  years  or  less,  by  voluminous 
eruptions  of  silica -rich  tholeiitic  basalt  (and  rare  rhyodacite  and 
icelandite)  during  the  shield  stage.  The  shield  stage,  as  used  here, 
includes  the  submarine  eruption  of  tholeiitic  basalt,  which  precedes 
the  subaenal  shield-forming  eruptions.  During  the  shield  stage  or  at 
the  beginning  of  the  next  stage,  the  postshield  stage,  a caldera  may 
form  and  be  filled  with  tholeiitic  and  (or)  alkaiic  basak.  This  process 
of  caldera  formation  and  filling  was  previously  referred  to  as  the 
caldera -filling  or  caldera-collapse  stage,  but  is  here  considered  to  be 
a phase  of  the  shield  stage  or  postshidd  stage.  During  the  postshield 
stage,  a relatively  thin  cap  of  alkaiic  basalt  and  associated  differenti- 
ated lava  (ankaramite,  hawaiite,  mugeante,  bcnmoreite,  and  tra- 
chyte) covers  the  main  shidd.  This  alkaiic  lava  makes  up  less  than  I 
percent  of  the  total  volume  of  the  volcano.  Later,  after  a relatively 


long  period  of  volcanic  quiescence  and  erosion,  a very  small  amount 
of  silica-poor  lava  (alkaiic  basalt,  basanite,  nephelimtc,  and 
ncphelinc  mdilitite;  rare  ankaramite  and  hawaiite  known  on  East 
Maui  Volcano  only)  erupts  from  isolated  vents;  this  stage  is  referred 
to  here  as  the  rejuvenated  stage. 

During  the  shidd  and  postshidd  stages,  eruptions  are  not 
confined  to  the  summit  area  of  a volcano,  but  also  occur  along 
extensive  zones  of  fissures,  called  rift  zones,  that  extend  down  the 
flanks  of  the  volcano.  These  zones  arc  usually  marked  at  the  surface 
by  collapse  craters,  cinder  and  spatter  cones,  and  grabens,  and 
below  the  surface  by  large  numbers  of  dikes.  During  the  rejuvenated 
stage,  however,  eruptions  occur  at  vents  unassociated  with  the 
preexisting  rift  zones,  with  the  exception  of  rejuvenated -stage  lava  on 
East  Maui  Volcano. 

The  shidd  stage  is  represented  by  lava  that  is  dark  colored  and 
forms  relatively  long  and  thin  flows.  Most  of  these  flows  have  sparse 
to  abundant  olivine  phenocrysts,  and  some  have  abundant  large 
pbenocrysts  of  plagjoclase.  Pyrodastic  deposits  are  minor  compo- 
nents during  the  shield  stage. 

The  postshidd  stage  is  represented  by  lava  that  is  commonly 
lighter  colored  than  shidd-stage  lava  and  contains  pyroxene,  olivine, 
and  plagiodasc  phenocrysts.  This  lava  forms  shorter  and  thicker 
flows.  Pyroclastic  deposits  are  more  abundant  during  the  postshteid 
stage.  There  is  little  evidence  of  erosion  between  the  eruption  of 
shield-stage  lava  and  postshield-stage  lava. 

The  lava  that  ponds  in  a caldera  during  the  shield  stage  or  at 
the  beginning  of  the  postshidd  stage  is  usually  massive  and  may  show 
columnar  structure. 

Rejuvenaled-stage  lava  is  also  dark  colored,  but  usually  forms 
thick  flows  with  few  or  no  phenocrysts;  pyroclastic  deposits  are 
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common  during  this  stage. 

The  skidd , post  shield,  and  rejuvenated  stages  have  generally 
formed  the  basis  for  the  major  stratigraphic  divisions  or  subdivisions 
of  the  rocks  of  the  Hawaiian  volcanoes  (fig.  1.21). 

PREVIOUS  STUDIES 

The  geology  of  the  Hawaiian  Islands  has  been  studied  for  more 
than  a hundred  years  (see  Clague  and  Dahymple,  chapter  I , part  I, 
and  Peterson  and  Moore,  chapter  7,  for  summaries  of  geologic 
investigations)  Early  geologic  investigations  concentrated  on  the 
main  southeastern  islands  and  were  mainly  reconnaissance  and 
general  descriptive  studies.  These  early  studies  were  superseded  by 
detailed  mapping  of  the  eight  major  southeastern  islands  beginning  in 
the  1930s  and  continuing  for  nearly  30  years.  H.T.  Steams  and  his 
coworkers,  in  a series  of  bulletins  published  by  the  Hawaii  Division 
of  Hydrography,  produced  detailed  geologic  maps  (at  scale  of 
1:62.500,  accept  Hawaii  at  1:125,000)  and  descriptions  of  the 
Islands  of  Oahu  (Steams  and  Vaksvik,  1935;  Steams,  1939, 
1940a)  Lanai  and  Kahoolawe  (Steams,  1940b)  Maui  (Steams 
and  Macdonald,  1942)  Hawaii  (Steams  and  Macdonald,  1946) 
Niihau  (Stearns,  1947b)  Molokai  (Stearns  and  Macdonald, 
1947)  and  Kauai  (Macdonald  and  others,  I960;  Steams  was  not  a 
coauthor  of  this  report,  but  did  much  of  the  geologic  mapping) 

These  bulletins  have  provided  the  basic  stratigraphic  frame- 
work for  subsequent  petrologic,  miner alogic,  geochemical,  and 
geophysical  investigations  of  the  islands.  Only  a few  stratigraphic 
studies  have  been  done  since  publication  of  the  bulletins,  and  those 
studies  and  detailed  geologic  mapping  have  been  mainly  on  the 
Island  of  Hawaii. 

STRATIGRAPHIC  NOMENCLATURE 

The  classification  and  naming  of  stratigraphic  units  (used  here 
as  synonomous  with  lithostratigraphic  units)  although  to  some  extent 
arbitrary  and  artificial,  helps  promote  concise  and  unambiguous 
scientific  communication  as  to  the  spatial  and  temporal  relations  of 
rocks.  Stratigraphic  units  can  be  formally  or  informally  named;  both 
are  useful  in  stratigraphic  work.  Formally  named  units,  however,  are 
named  and  defined  in  accordance  with  procedures  outlined  in  the 
Code,  and  any  major  changes  made  to  them,  such  as  boundary  or 
rank  changes,  need  to  be  justified. 

In  the  Hawaiian  Islands,  formal  stratigraphic  names  have  been 
applied  only  to  rock  units  on  the  eight  main  southeastern  Hawaiian 
Islands  (Hawaii,  Maui,  Kahoolawe,  Lanai,  Molokai.  Oahu. 
Kauai,  and  Niihau)  and  these  names  are  almost  entirely  restricted 
to  volcanic  rocks  and  the  sedimentary  rocks  closely  associated  with 
them.  Other  sedimentary  units,  such  as  beach  and  reef  deposits, 
have  been  formally  named,  but  they  are  not  discussed  here. 

Steams  and  his  coworkers  divided  the  rocks  of  each  volcano 
into  one  or  more  major  units  that  they  formally  named  as  “Volcanic 
Series’*  (see  remarks  column  in  table  1.12)  These  “Senes"  consisted 
of  rocks  resulting  from  a succession  of  extensive  eruptions.  Some  of 
the  “Series"  consisted  entirely  of  volcanic  rocks,  whereas  others 
consisted  of  volcanic  rocks,  related  intrusions,  and  their  weathering 


products.  Some  of  the  “Series"  were  not  subdivided,  whereas  others 
were  subdivided  either  into  formations  or  into  members.  Although 
the  use  of  “Volcanic  Senes"  as  part  of  a formal  name  conformed  to 
the  “stratigraphic  code"  in  use  at  the  time  the  unit  was  named 
(Ashley  and  others.  1933)  it  docs  not  conform  to  later  codes, 
including  the  present  (1983)  code  (American  Commission  on  Strat- 
igraphic Nomenclature,  1961 . 1970;  North  Amencan  Commission 
on  Stratigraphic  Nomenclature,  1983)  which  restricts  the  use  of  the 
term  “Series"  to  dironostratigraphic  units. 

The  above  inconsistencies,  phis  recent  petrologic,  miner- 
alogical,  and  geochemical  studies,  have  necessitated  changes  in  the 
stratigraphic  nomenclature  for  the  volcanic  rocks  of  the  Hawaiian 
Islands 1 because  ( I ) the  lithic  or  descriptive  terms  of  the  names  do 
not  conform  to  the  current  stratigraphic  code  or  do  not  reflect 
modem  petrologic  classification;  (2)  the  ranks  of  the  units  are  unclear 
or  inappropriate;  and  (3)  formalization  of  some  names  is  not  now 
considered  to  be  necessary  or  useful. 

The  basic  guidelines  used  in  this  report  for  updating  the 
stratigraphic  usage  in  the  Hawaiian  Islands  are  those  recommended 
by  the  1983  North  American  Stratigraphic  Code  (North  Amencan 
Commission  of  Stratigraphic  Nomenclature,  1983)  Any  changes  to 
the  stratigraphic  nomenclature  made  in  this  report,  such  as  revision 
(change  of  rank  or  lower  or  upper  boundary)  redefinition  (change  of 
name)  and  abandonment  of  formally  named  stratigraphic  units,  have 
been  approached  as  follows; 

( 1 ) Formal  names  are  retained  only  for  units  that  serve  a useful 
purpose  and  require  the  stability  of  nomenclature  that  formalization 
affords.  As  stratigraphic  units  of  any  rank  become  established  by 
repeated  demonstration  of  their  usefulness,  those  formal  names  that 
have  not  been  used  for  a few  decades  or  are  currently  not  thought  to 
serve  a useful  purpose  arc  abandoned  as  formal  names,  but  the 
geographic  term  of  their  name  may  be  used  informally  to  identify 
particular  flows  (and  their  associated  cones)  or  beds. 

(2)  Major  stratigraphic  units  on  each  volcano  are  all  consid- 
ered to  be  of  formational  rank,  and  are  all  formally  named  units. 
The  ranks  of  stratigraphic  units  are  important  in  that  they  give  some 
concept  of  the  scale  of  the  units  in  relation  to  other  units.  Some  of 
these  units  could  have  been  considered  to  be  units  of  group  rank,  but 
this  does  not  seem  necessary.  The  volcanic  products  of  one  volcano 
(except  for  some  ash  deposits)  do  not  occur  on  other  volcanoes, 
although  they  may  overlap  or  inteHinger  at  their  boundaries  where 
two  or  more  volcanoes  coalesce.  Therefore,  the  units  of  a volcano 
can  be  considered  to  be  essentially  confined  to  one  large  “mountain," 
and  group  rank  does  not  seem  appropriate.  Hus  approach  would 
also  give  some  consistency  to  the  stratigraphic  nomenclature  of  all  the 
islands. 

(3)  Formally  named  subdivisions  of  the  major  stratigraphic 
units  are  those  units  of  member  or  lesser  rank  that  are  distinctive  and 
(or)  extensive.  Many  of  the  ma)or  units  of  the  Hawaiian  volcanoes 
are  very  often  difficult  to  subdivide  because  of  rapid  lateral  changes 
and  lack  of  key  beds. 


'C.A  Macdr-oald  had  planned  Id  f «vi*f  d*  »ir  •i  .^aphic  iKannutjfuir  of  lh*  Hawaiian 
Ulandt  (wnttem  in  R W Kopf.  1976.  1977)  bcfnrr  hn  untimriv  death  in  1978. 
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Fk.LKI  1.21.  — Chart  theming  relation*  of  eruptive  tlaget  1o  volianoet  and  tlraligrapluc  onili.  southeastern  1 lasvauan  Island*.  arranged  approximately  from  northwest  (left)  to  southeast  (right)  (tee  fig  I 20  for 
local  roaf.  No  age  correlation  between  units  on  different  volcano*-*  implied  Da  tiled  line*  indicate  end  of  stage  not  implied  Bate  of  oldett  unit  on  each  volcano  (except  l.mhi)  assumed  to  be  at  the  bate  of  the 
thield  ttagr 
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(4)  Formal  name*  of  the  major  stratigraphic  units  consist  of  a 
unique  geographic  term  followed  by  a simple  and  generally  accepted 
lithic  term,  such  as  “Basalt,"  or  by  the  term  “Volcanics."  The  initial 
letter  of  each  term  is  capitalized.  “Basalt"  is  used  for  units  that 
consist  entirely  or  almost  entirely  of  basalt,  whether  tholeiitic  or 
alkalic.  An  example  is  the  Puna  Basalt.  The  general  term  “Vol- 
canic*” (equivalent  to  the  term  “Formation")  is  used  for  units  that  do 
not  have  a predominant  rock  type  or  are  composed  of  rock  types 
such  as  hawaiite,  mugeante.  trachyte  and  basamte.  Examples  are 
the  Lahama  Volcanics,  Hamakua  Volcanics,  and  Honolulu  Vol- 
canics  (table  1 . 12). 

The  term  “Formation"  was  not  used  because  it  does  not  convey 
that  the  unit  is  composed  of  volcanic  rocks.  The  term  “Volcanic 
Complex,"  which  indicates  a diverse  assemblage  of  extrusive  volcanic 
rocks,  related  intrusions,  and  their  weathering  products,  could  have 
been  used  for  some  units.  However,  we  tentatively  have  opted  for  the 
term  “Volcanics,”  because  it  is  a shorter  term,  has  precedence  of  use 
in  the  Hawaiian  Islands,  and  does  not  introduce  a new  term  until  the 
need  is  confirmed  by  future  investigations. 

In  general,  the  term  "Basalt"  is  used  for  units  that  represent  all 
or  part  of  the  shield  stage,  although  a minor  part  of  the  postshield 
stage  may  also  be  represented.  The  term  "Volcanics"  is  used  for 
units  that  represent  all  or  part  of  the  postshield  stage  and  for  units 
that  represent  both  shield  stage  and  postshield  stage.  All  units  that 
represent  the  rejuvenated  stage,  with  the  exception  of  the  Kiekie 
Basalt  of  Niihau  Volcano,  are  termed  “Volcanics." 

(5)  Formal  names  of  subdivisions  of  the  major  units  consist  of  a 
unique  geographic  term  followed  by  the  appropriate  rank  term — 
“Member,"  “Flow(s),”  or  “Bed(s):"  An  intervening  lithic  or 
descriptive  term  may  be  used  in  member  names  and  is  used  in  bed 
and  flow  names.  The  initial  letter  of  each  term  is  capitalized. 
Examples  include  the  Napali  Member,  Kahele  Ash  Member. 
Makanaka  Glacial  Member,  Mokuone  Breccia  Beds,  and  Mauna 
Kuwale  Rhyodacite  Flow. 

Members,  flows,  and  beds  can  also  be  informally  named. 
Informal  members  are  designated  solely  by  their  lithology  or  by  their 
stratigraphic  position,  and  none  of  the  initial  letters  of  their  names  is 
capitalized.  Examples  are  ash  member  and  lower  member.  The 
terms  “historic  member"  and  “prehistoric  member”  are  not  used  in 
this  report  because  age  should  play  no  part  in  differentiating 
lithostratigraphk  units.  Informal  flows  and  beds  are  similarly  desig- 
nated, such  as  lower  flow,  upper  flows,  ash  bed,  and  breccia  beds, 
but  may  also  combine  a geographic  term  with  the  unit  term  or  terms; 
only  the  initial  letter  erf  the  geographic  term  is  capitalized.  Examples 
are  the  Kona  ash  beds,  Kilea  flow,  and  Makapipi  flows.  With  one 
exception  (see  Waianae  Volcano),  all  named  flows  in  the  I iawaiian 
Islands  are  considered  to  be  informal  in  this  report. 

(6)  A principal  reference  locality  is  herein  designated  for  some 
wdl  established  units  for  which  a type  locality  was  never  specified. 
For  units  that  previously  had  more  than  one  type  locality  specified, 
the  one  here  considered  to  be  the  more  accessible  is  retained  as  the 
type,  and  the  other  localities  are  redesignated  as  reference  localities. 

A designated  stratotype  (type  section  or  type  locality)  is 
essential  in  the  definition  of  a formal  stratigraphic  unit  because  it 


serves  as  the  standard  for  the  unit  and  constitutes  the  basis  for  its 
recognition.  It  should  therefore  be  representative  of  the  concept  of 
the  unit.  Because  of  the  nature  of  Hawaiian  volcanic  activity,  the 
stratotype  for  many  of  the  Hawaiian  volcanic  units  is  not  truly 
representative  of  those  units,  and  reference  sections  or  localities 
become  invaluable  in  illustrating  the  lithologic  diversity  within  a unit 
or  the  stratigraphic  relations  with  other  units.  We  have  not  attempted 
to  specify  additional  reference  sections  or  localities  in  this  report,  but 
we  Hope  this  will  be  done  in  future  stratigraphic  studies. 

STRATIGRAPHIC  SUMMARY 

The  stratigraphy  of  the  eight  main  Hawaiian  Islands  is  briefly 
discussed  below  by  island  and  volcano  from  southeast  to  northwest. 

A summary  of  the  formally  named  stratigraphic  units  used  in 
this  report  is  given  in  table  1.12,  including  a brief  description  of  the 
lithology,  occurrence,  thickness,  type  and  reference  localities,  strat- 
igraphic relations,  and  age  of  each.  The  descriptions  of  the  units 
were  largely  taken  from  the  sources  cited  in  the  remarks  column. 
Informal  units  are  listed  if  they  were  previously  formally  named. 
Type  localities  are  used  throughout  the  table,  even  though  some  of 
the  units  have  specified  type  sections. 

Almost  all  of  the  isotopic  ages  shown  in  the  table  are  K-Ar 
ages.  Numerous  radiocarbon  ages  have  been  determined  for  the 
youngest  volcanoes  but.  with  a few  exceptions,  are  not  shown.  For  a 
summary  of  radiocarbon  ages  for  (lie  Island  of  Hawaii,  see  Rubin 
and  others  (chapter  1 0X  The  relative  ages  assigned  to  the  strat- 
igraphic units  are  based  on  the  Decade  of  North  American  Geology 
tune  scale  (Palmer,  1983),  which  has  the  following  epoch  bound- 
aries: Miocene- Pliocene.  5.3  Ma;  Pliocene  Pleistocene,  1.6  Ma; 
and  Pleistocene- Holocene,  10  ka.  A correlation  diagram  of  the 
major  stratigraphic  units  is  presented  as  figure  1.22. 

Stratigraphic  changes  that  are  made  in  this  report,  using  the 
guidelines  of  the  Code  and  the  approach  discussed  previously,  are 
indicated  in  the  remarks  column  and  discussed  below.  Former  names 
that  have  been  applied  to  the  units  are  also  indicated  in  the  remarks 
column.  We  have  not  used  glottal  stops  in  the  geographic  part  of 
lithostratigraphic-unit  names,  although  some  authors  have  used  them 
in  other  publications. 

HAWAII 

The  Island  of  Hawaii,  the  largest  of  the  Hawaiian  Islands, 
consists  of  five  coalesced  volcanoes:  Kilauea,  Mauna  Loa,  Mauna 
Kra,  Hualalai,  and  Kohala  (fig.  1 . 2 3 X Mauna  Kca  is  the  highest  of 
these  volcanoes;  Mauna  Loa  is  the  largest  by  volume.  Little  erosion 
has  occurred  on  these  volcanoes  accept  on  the  northeastern  sides  of 
Kohala  and  Mauna  Kea. 

KILAUEA  VOLCANO 

Kilauea.  the  youngest  volcano  of  the  island  and  still  very 
active,  consists  entirely  of  shield -stage  tholeiitic  lava  that  issued  from 
the  summit  caldera  and  the  cast  and  southwest  rift  zones.  I he  rocks 
of  the  volcano  are  divided  into  the  Hilina  Basalt  (older)  and  the 
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Fk.UKL  1 .22.  — Correlation  diagram  of  isotopKally  claled  major  vokaftH  UrdlkgidphK  uiult  of  M-uthcajIt-rn  Hawaiian  volcanoes  Modified  from  Clague  and  Ddlrvmplr 
(chapter  I.  part  I,  hg  1.61  Diagonal  litres  mdiidlr  ton  lapping  or  uncertain  ages.  Epoch  boundaries  from  Palmer  <19851 


Puna  Basah  (younger  X generally  separated  from  one  another  by  the 
Pahala  Ash  (see  subsection  “Mauna  L-oa  Volcano”;  see  also 
Easton,  chapter  MX  The  Hilina  Basalt  is  exposed  only  in  fault 
scarps  located  along  the  south  flank  of  the  volcano.  The  Hilina 
Basalt  includes  the  Halape  (oldestX  Kahelc.  Pohakaa,  and  Moo 
(youngest)  Ash  Members  (Easton,  chapter  MX  The  l\ina  Basalt 


covers  almost  the  entire  surface  of  Kilauea  and  essentially  consists  of 
all  post-Pahala  lava  (see  discussion  belowX  The  Puna  includes  the 
prehistoric  Uwekahuna  (older)  and  historical  Kranakakoi  (younger) 
Ash  Members. 

The  ages  of  the  Hilina  and  Pima  Basalts  are  not  wdl  known. 
The  Hilina  Basalt  is  probably  older  than  the  approximately  3 1 -ka 
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FIGURE  I 23 — Generalized  geologic  map  of  the  Island  of  Hawaii,  showing  localities  mentioned  in  t«t  Modified  from  Macdonald  and  others  (19831  Easton 
(chapter  1 1 1 and  Porter  < 1979a.  I979bl  Rift  rones  from  Kiske  and  Jackson  ( 19721  Csldera  boundary  of  Mauna  Kea  Volcano  is  inferred  to  br  buried  beneath 
younger  lavs  (we  Porter.  1972) 
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radiocarbon  age  obtained  from  the  base  of  the  Pahala  Ash  on 
Mauna  Loa,  and  the  oldest  exposed  Hilina  flows  are  estimated  to  be 
about  100  ka  (Easton,  chapter  I IX  Most  of  the  F\ina  Basalt  was 
erupted  during  the  last  10,000  years,  but  a Puna  flow  intercalated 
with  the  Pahala  Ash  at  Pirn  Kaone  was  radiocarbon  dated  at  about 
22  ka  (see  Easton,  chapter  1 1X  The  Uwekahuna  Ash  Member  of 
the  Puna  Basalt  has  radiocarbon  ages  ranging  from  2. 1 7 ka  to  1 .04 
ka;  however,  the  age  of  the  eruption  or  eruptions  is  uncertain.  The 
ash  could  have  been  deposited  about  2.1  ka  (Casadevall  and 
Dzurisin,  chapter  13;  Lockwood  and  Rubin,  1986)  or  about  1 .5  ka 
(Holcomb,  chapter  12X 

MAUNA  LOA  VOLCANO 

The  lava  of  Mauna  Loa,  like  that  of  Kiiauea.  is  all  shield-stage 
tholeiitic  lava  that  has  mostly  issued  from  the  summit  caldera  and 
southwest  and  northeast  rift  zones. 

The  oldest  exposed  rocks  belong  to  the  Ninole  Basalt,  which 
forms  a series  of  steep-sided  hills  on  the  southeast  flank  of  the 
volcano.  The  Ninole,  which  was  originally  named  the  Ninole  Basalt 
by  Steams  (I926X  was  later  called  the  Ninole  Volcanic  Series  by 
Steams  and  Macdonald  (1946X  Recently,  Lipman  (1980)  used  the 
name  Ninole  Volcanics.  As  the  Ninole  is  all  tholeiitic  basalt,  the 
term  used  by  Steams  (1926)  is  more  informative  and  is  used  here. 
The  Ninole  was  thought  to  represent  remnants  of  an  earlier  shield 
volcano  mostly  buried  by  lavas  from  Mauna  Loa  (Steams  and 
Macdonald,  I946X  but  recent  studies  indicate  that  it  may  merely  be 
deeper  parts  of  the  Mauna  Loa  shield,  no  more  than  a few  hundred 
thousand  years  old,  that  have  been  uplifted  along  normal  faults 

(Lipman,  I980X 

Unconformably  overlying  the  Ninole  are  the  Kahuku  Basalt 
(older)  and  Kau  Basalt  (younger)  (table  I . I2X  which  are  separated 
by  the  Pahala  Ash.  Lipman  (1980)  recently  used  the  terms  Kahuku 
Volcanics  and  Kau  Volcanics,  but  as  these  units  are  composed 
entirely  of  basalt,  they  are  here  renamed  the  Kahuku  Basalt  and 
Kau  Basalt,  respectively.  The  Kahuku  Basalt  crops  out  on  the  east 
and  south  sides  of  the  volcano.  The  Kau  Basalt  covers  most  of  the 
surface  of  Mauna  Loa  and  consists  of  all  post- Pahala  lava. 

The  Pahala  Ash  is  a distinctive  yellowish  vitric  ash  that  has 
been  largely  altered  by  weathering  to  a reddish  brown  mixture  of 
clay  minerals  and  hydrated  oxides.  The  thickness  of  the  unit  vanes 
considerably,  but  it  is  locally  more  than  1 5 m thick  (Laston.  chapter 

IIX 

These  ash  deposits  were  onginally  the  uppermost  part  of  what 
Noble  and  Clark  (in  Washington,  1923)  called  the  Pahala  Series, 
which  also  included  the  underlying  flows.  Stone  (1926)  used  the 
term  Pre- Kiiauea  Series  for  the  uppermost  ash  and  underlying  flows, 
and  restneted  the  name  Pahala  to  the  uppermost  ash  deposits, 
calling  them  the  Pihaia  Ash.  He  applied  the  name  Pahala  Ash  to 
ash  deposits  of  Mauna  Loa  and  Kiiauea,  but  not  to  those  of  Mauna 
Kra.  Steams  and  Clark  (1930)  used  the  name  Pahala  Basalt  for 
both  the  uppermost  ash  deposits  and  the  underlying  flows.  The  flows 
of  their  Pahala  Basalt  arc  herein  called  the  Kahuku  Basalt  on 
Mauna  Loa  and  the  Hilina  Basah  on  Kiiauea.  Wentworth  (1938) 
used  the  term  Pahala  Tuff  in  the  same  general  sense  as  the  Pahala 


Ash  of  Stone  (I926X  but  also  used  the  term  Waiau  Formation 
(recently  abandoned  by  Porter,  1973)  for  equivalent  ash  on  Mauna 
Kea  and  the  term  Glenwood  Tuff  for  equivalent  ash  on  parts  of  the 
east  slope  of  Mauna  Loa.  Steams  and  Macdonald  (1946)  and 
Davis  and  Macdonald  (in  Avias  and  others.  I956X  however, 
considered  the  Pahala  Ash  to  be  a persistent  ash  formation  that  was 
derived  from  several  sources.  I hey  believed  the  Pahala  occurred  on 
all  the  volcanoes,  separating  their  major  units  on  Kiiauea  (Hilina 
and  Puna  Volcanic  SeriesX  Mauna  Loa  (Kahuku  and  Kau  Vol- 
canic SeriesX  and  Mauna  Kea  (Hamakua  and  Laupahoehoe  Vol- 
canic Senes)  and  capping  the  older  unit  (Pololu  Volcanic  Series)  of 
Kohala  and  a member  (Waawaa  Volcanics)  of  the  Hualalai  Vol- 
canic Series  of  Hualalai. 

Current  mapping  on  Mauna  Kea,  Hualalai.  and  Kohala 
indicates  that  the  extensive  surheial  ash  deposits  on  these  volcanoes 
were  locally  denved  and  arc  genetically  distinct  from  the  Pahala 
Ash  on  Kiiauea  and  Mauna  Loa  (E.W.  Wolfe,  oral  commun., 
1966).  Therefore,  we  are  geographically  limiting  the  Pahala  to  the 
occurrences  on  Kiiauea  and  Mauna  Loa. 

The  age  of  the  Ninole  Basalt  is  considered  to  be  no  more  than 
a few  hundred  thousand  years.  The  single  published  K-Ar  age  of 
0.54  Ma  has  an  estimated  uncertainty  of  0.4  m.y.  (see  Clague  and 
Dalrymple,  chapter  I,  part  IX  The  Kahuku  Basah  and  the  Kau 
Basah  are  approximately  coeval  with  the  Hilina  Basalt  and  Puna 
Basah,  respectively,  of  Kiiauea.  llie  Pahala  Ash  on  Mauna  Loa 
and  Kiiauea  is  considered  by  Easton  (chapter  1 1 ) to  be  entirely  of 
Pleistocene  age  (between  about  30  ka  and  10  kaX 

MAUNA  KEA  VOLCANO 

Mauna  Kea  last  erupted  about  3.6  ka  (Porter,  l979aX  The 
volcano  passed  through  the  shield  stage  into  the  postshield  stage  and 
produced  a cap  of  differentiated  lava  that  almost  completely  buried 
the  original  subaerial  shield.  It  is  uncertain  if  a summit  caldera 
existed;  however,  a small  caldera  has  been  inferred  to  lie  buried 
beneath  the  younger  lava  (Porter,  1 972).  Rift  zones  are  less 
pronounced  than  on  Kiiauea  and  Mauna  Loa,  but  westerly,  south- 
erly, and  easterly  nfts  are  suggested  by  alignments  of  cinder  cones. 
The  lower  northeastern  slope  of  the  volcano  has  gulches  cut  into  it, 
whereas  the  other  slopes  are  generally  little  affected  by  erosion.  The 
| upper  slopes  of  the  volcano  were  glaciated  during  the  Pleistocene. 

Fhe  rocks  of  the  volcano  were  divided  into  the  Hamakua 
' Volcanic  Series  and  the  overlying  Laupahoehoe  Volcanic  Series  by 
Steams  and  Macdonald  (1946)  Hie  Hamakua  represents  the 
shield  stage  and  part  of  the  postshield  stage;  the  Laupahoehoe 
, represents  the  rest  of  the  postshield  stage.  These  units,  considered  to 
be  of  formalional  rank  by  Stearns  and  Macdonald  (I946X  were 
subdivided  by  them  into  informal  members. 

Recently.  Porter  (1979a,  1 979b;  see  also  Pbrter,  1973,  1974; 
Porter  and  others,  1977)  formally  redefined  the  Hamakua  and 
l^aupahoehoe  to  include  glacial  deposits,  raised  them  to  group  rank, 
and  subdivided  both  units  into  formally  named  volcanic  and  glacial 
formations.  Hiry  subdivided  the  upper  part  of  the  Hamakua  Group 
into  the  Hopukani  Formation  (volcanic)  and  the  Pohakuloa  Forma- 
tion (glacialX  but  Porter  (1979a,  1979b)  called  the  lower  part  of 
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the  group  the  "lower  member  of  Steams  and  Macdonald  (I946X" 
Porter  and  others  (1977;  see  also  Porter.  1973,  1974)  originally 
subdivided  their  Laupahoehoe  Group  into  three  volcanic  forma- 
tions— Liioe  (oldest X Hanaipoe,  and  Waikahalulu  (youngest)  For- 
mations— and  two  interstratified  glacial  formations — Waihu  and 
Makanaka  Formations.  The  Makanaka  included  the  Kemolc  Mem- 
ber, a volcanic  unit.  This  usage  was  superseded  by  a threefold 
subdivision  of  the  Laupahoehoe  Group  (Porter,  1979a,  bX  in  which 
all  of  the  volcanic  rocks  were  assigned  to  the  Waikahalulu  Forma- 
tion; the  names  Liloc.  Hanaipoe,  and  Keraole  were  abandoned  as 
formal  names  of  lithostratigraphic  units  and  were  formally  applied  to 
chronostraligraphic  units — the  Liloean,  Hanaipoean,  and  Krm- 
olean  Stages. 

Because  the  use  of  the  Hamakua  and  Laupahoehoe  as  units  of 
group  rank  is  not  consistent  with  the  approach  used  here  for  the  rest 
of  the  volcanoes  of  the  Hawaiian  Islands,  these  units  are  here 
reduced  to  formation  rank  and  renamed  the  Hamakua  Volcanics 
and  Laupahoehoe  Volcanics.  Ilieir  subdivisions  are  reduced  to 
member  rank  and  renamed  to  reflect  the  overall  nature  of  their 
lithologies  (see  table  1 . 1 2X 

The  Hamakua  is  considered  to  be  of  Pleistocene  age  and  the 
Laupahoehoe  of  Pleistocene  and  Holocene  age  on  the  basis  of  K- Ar 
and  radiocarbon  dating  (Porter,  1979a)  (table  I . I2X 


HU  ALA  LAI  VOLCANO 

Hualalai  Volcano  last  erupted  in  1800-1801,  when  several 
flows  issued  from  the  well-defined  northwest  rift  zone.  Less  well 
defined  rift  zones  trending  north  and  southeast  are  marked  by 
numerous  cinder  and  spatter  cones.  It  is  not  known  whether  the 
volcano  had  a summit  caldera.  Shield -stage  tholeiitic  lava  is  not 
exposed  on  Hualalai  Volcano,  but  tholeiitic  rocks  are  known  to 
occur  m the  subsurface  and  in  the  submarine  part  of  the  volcano 
(Moore  and  others,  chapter  20;  Clague,  1 982). 

The  entire  subaerial  surface  of  the  volcano  consists  of  post-  I 
shield-stage  alkatk  basalt,  with  minor  hawaute  and  trachyte,  named 
the  Hualalai  Volcanic  Senes  by  Stearns  and  Macdonald  (I946X 
They  included  within  the  Hualalai  a trachyte  cone  and  flow,  which 
they  called  the  Waawaa  Volcanics.  Though  they  gave  the  Waawaa 
what  is  now  considered  to  be  a formational  rank  name,  they  clearly 
considered  it  to  be  a member  of  the  Hualalai  (Steams  and  Mac- 
donald, 1946,  p.  I43X  and  it  is  so  considered  here  (table  I.I2X 

Stearns  and  Macdonald  (1946)  did  not  apply  a name  to  the 
ash  deposits  that  mantle  the  slopes  of  the  volcano,  although  Went- 
worth (1938)  had  earlier  called  these  deposits  the  Kona  Tuff 
Formation.  Later,  Davis  and  Macdonald  (in  Avias  and  others, 
1936)  presumably  included  the  Kona  Tuff  Formation  within  the 
Hualalai,  effectively  giving  the  Hualalai  group  status.  R.B.  Moore 
(oral  commun.,  1986)  suggests  that  this  unit  should  never  have  been 
formally  named;  it  is  here  abandoned  as  a formal  name  and  tbe  unit 
is  informally  called  the  Kona  ash  beds.  Thus,  the  I lualalai  is  here 
reduced  to  formational  rank  and  renamed  the  Hualalai  Volcanics. 

The  Hualalai  Volcanics  is  largely  of  Holocene  age,  but  the 
oldest  flows  are  of  Pleistocene  age  (Moore  and  others,  chapter  20X 


The  Waawaa  Trachyte  Member  has  a published  K-Ar  age  of 
0.4  ±0.3  Ma  (Funkhouser  and  others,  1968),  but  recent 
unpublished  K-Ar  determinations  by  G.B.  Dalrympte  (oral  com- 
mun.. 1986)  indicate  the  trachyte  is  about  0.103  Ma. 

KOHALA  VOLCANO 

Kohala  Volcano  is  an  oval  volcano  built  up  around  northwest 
and  southeast  rift  zones.  It  is  deeply  dissected  on  its  northeast  side. 
Arcuate  faults  near  the  summit  of  the  volcano  suggest  that  a caldera 
formed  during  the  shield  stage  but  was  later  buried  by  tbe  younger 
lava  in  the  postshield  stage. 

The  volcanic  rocks  of  Kohala  Volcano  were  originally  divided 
by  Steams  and  Macdonald  (1946)  into  the  Pololu  Volcanic  Series 
(olderX  composed  of  shield-stage  tholeiitic  basalt  with  caldera- filling 
postshield-stage  alkalic  basalt  near  the  top.  and  the  Hawi  Volcanic 
Series  (youngerX  consisting  of  differentiated  alkalic  lava  of  the 
postshield  stage  (table  I.I2X  Neither  of  these  units  has  been 
subdivided,  and  they  are  here  renamed  the  Pololu  Basalt  and  Hawi 
Volcanics,  respectively,  to  reflect  their  lithologies.  The  Pololu 
Basalt  and  Hawi  Volcanics  are  of  l^leistocene  age  on  the  basis  of  K- 
Ar  determinations  (McDougall,  1969;  McDougah  and  Swanson, 
1972)  (table  I.I2X 

MAUI 

The  Island  of  Maui  (fig.  I.24X  the  second  largest  of  the 
Hawaiian  Islands,  consists  of  two  large  coalesced  volcanoes,  East 
Maui  (or  Haleakala)  Volcano  and  West  Maui  Volcano,  connected 
to  one  another  by  an  isthmus  formed  when  lava  of  East  Maui  banked 
against  the  already  ousting  West  Maui  Volcano.  The  Maui  vol- 
canoes are  more  dissected  than  the  volcanoes  of  the  Island  of 
Hawaii. 

EAST  MAUI  (OR  HALEAKALA)  VOLCANO 

Last  Maui  Volcano  last  erupted  about  200  years  ago  and  has 
a large  summit  crater  called  l laleakala  Crater,  which  is  primarily  of 
I erosional  origin  (Macdonald  and  others,  I983X  East  Maui  is  the 
youngest  Hawaiian  volcano  to  have  rejuvenated-stage  lava. 

The  rocks  of  the  volcano  were  originally  divided  by  Steams 
and  Macdonald  (1942)  into  the  Honomanu  Volcanic  Series 
(oldest X Kula  Volcanic  Series,  and  Hana  Volcanic  Series  (young- 
est X representing  the  shield,  postshield,  and  rejuvenated  stages, 
respectively  (table  I.I2X  Hie  Kula  eruptions  took  place  along 
i southwest,  east,  and  northwest  rift  zones.  The  Hana  eruptions  are 
unique  among  l iawaiian  rejuvenated-stage  eruptions  because  their 
vents  are  aligned  along  preexisting  rift  zones  (southwest  and  north- 
west rift  Zones X the  erosional  period  preceding  these  eruptions  was 
rather  short  (<0.4  m.y.X  and  ankaramite  and  hawaiite  are  present. 

Fhe  I lonomanu  Volcanic  Series  is  almost  completely  buried  by 
later  lava  and  is  only  exposed  in  the  seacliffs  along  part  of  the  north 
coast.  The  Honomanu  Volcanic  Series  was  not  subdivided  by 
Steams  and  Macdonald  ( I942X  and  it  was  more  recently  called  the 
Honomanu  Formation  in  the  Flaleakala  Crater  area  by  Macdonald 
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(1978).  As  it  consists  entirely  of  tholentic  basalt,  it  is  here  renamed 
everywhere  the  Honomanu  Basalt. 

ITic  Kula  Volcanic  Series  of  Steams  and  Macdonald  (1942) 
which  was  later  called  the  Kula  Formation  by  Macdonald  (1978)  is 
here  renamed  the  Kula  Volcanics  to  reflect  its  varied  lithology. 
Rocks  in  the  lower  part  of  the  south  wall  of  HaJeakala  Crater  that 
Steams  and  Macdonald  (1942)  had  originally  assigned  to  the 
Honomanu  were  excluded  from  the  Honomanu  and  named  the 
Kumuiliahi  Formation  by  Macdonald  (1978)  As  these  rocks 
appear  more  properly  to  belong  to  the  Kula  (Macdonald  and 


others,  1983.  p.  391 ) they  are  here  tentatively  included  in  the  Kula, 
and  the  name  Kumuiliahi  Formation  is  not  used. 

The  Kula  was  named  by  Steams  (1942)  for  the  settlement  of 
Kula  (now  called  Waiakoa)  along  the  roads  leading  to  the  Kula 
Sanatorium  or  Hospital  on  the  west  slope  of  the  volcano,  but  be  did 
not  designate  a type  locality.  Macdonald  and  Davis  (in  Avtas  and 
others,  1956)  however,  did  specify  the  type  locality  as  “Kula.  a 
district  on  the  west  slope  of  Fast  Maui  Mountain."  Hus  “locality"  is 
here  considered  to  be  along  Highway  37  near  Waiakoa  (Kula  Post 
Office)  about  7 km  northeast  of  Kula  Hospital.  Other  accessible 
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see  lions  of  the  Kula.  according  to  Steams,  are  along  the  Kaupo- 
Kipahulu  road  near  Kipahulu  and  along  Halemauu  Trail  in  the 
HaleakaJa  Crater  area;  these  are  here  considered  to  be  reference 
localities. 

Steams  and  Macdonald  (1942)  subdivided  the  Hana  Vol- 
canic Series  into  many  local  formally  named  units  in  the  Keanae  and 
Nahiku  areas  along  the  northeast  coast.  It  was  not  clear  whether 
they  intended  these  units  to  be  of  member  or  formation  rank  (see 
Steams  and  Macdonald.  1942,  p-  94,  95X  but  they  applied 
formational- rank  names  to  these  units.  Macdonald  and  Davis  (in 
Avias  and  others,  1956)  considered  them  to  be  formations.  In 
Kipahulu  Valley  in  the  southeastern  part  of  the  island,  however. 
Steams  and  Macdonald  (1942)  included  only  the  Kipahulu  Mem- 
ber within  the  Hana.  The  Kipahulu  was  later  raised  in  rank  by 
Macdonald  and  Davis  (in  Avias  and  others,  1956)  to  Kipahulu 
Formation,  though  in  later  publications  by  Macdonald  and  Abbott 
(I970X  Macdonald  and  others  (1 983X  and  Steams  (1985)  the  term 
Kipahulu  Member  is  used.  Thus  the  Hana  had  previously  been 
considered  to  be  of  group  rank.  Macdonald  (1978)  did  reduce  the 
rank  of  the  Hana  in  the  Haleakata  Crater  area,  using  the  name 
Hana  Formation,  but  he  did  not  address  the  status  of  the  formational 
rank  units  in  the  Keanae  and  Nahiku  areas. 

Therefore,  the  following  changes  are  here  made  to  the  Hana: 
The  Hana  is  reduced  to  formational  rank  everywhere  and  renamed 
the  Hana  Volcanics.  Its  subdivisions  in  the  Keanae  and  Nahiku 
areas,  being  mainly  single  flows  of  very  limited  extent,  are  aban- 
doned as  formally  named  units  and  are  used  informally  (table  1 . 12). 
The  Kipahulu  is  retained  as  a member  of  the  Hana  because  it  is  a 
fairly  extensive  unit  and  is  separated  from  earlier  Hana  flows  by  an 
erosionaJ  unconformity.  The  historical  lava  flow  of  about  1 790  in  the 
Cape  Kinau  area  (Oostdam,  1965)  is  considered  to  be  part  of  the 
Hana,  although  it  was  not  included  in  the  Hana  by  Stearns  and 
Macdonald  (1942X  and  they  gave  ‘*1750?’'  as  the  date  of  the  flow. 
Finally,  to  correct  an  error  in  Keroher  and  others  (1966.  p.  1976), 
the  Hana  does  not  include  the  Kaupo  Mudflow. 

The  Pleistocene  age  of  the  Honomanu  Basalt  and  Kula 
Volcanics  is  well  documented  by  K-Ar  determinations  (Naught on 
and  others,  1980)  (table  I.I2X  No  isotopic  ages  have  been 
determined  for  the  Hana  Volcanics,  but  it  is  here  considered  to  be 
Plei$tocene(?)  and  Holocene.  The  Kipahulu  Member  is  probably 
Pleistocene,  judging  by  its  relations  to  older  units. 

WEST  MAUI  VOLCANO 

West  Maui  Volcano  is  incised  by  deep  valleys  and  is  consid- 
ered to  be  extinct.  Lava  was  erupted  from  a small  central  caldera 
and  from  the  north  and  southeast  rift  /ones. 

The  rocks  of  West  Maui  Volcano  were  divided  by  Steams  and 
Macdonald  (1942)  into  three  major  units — Wailuku  Volcanic 
Senes  (oldest  X Honolua  Volcanic  Series,  and  Lahaina  Volcanic 
Series  (youngest )i  These  units  represent  the  shield  stage  and 
postshield  caldera-filling  phase,  the  postshirld  stage,  and  the  rejuve- 
nated stage,  respectively. 

Steams  and  Macdonald  did  not  subdivide  the  Wuiluku  and 
Honolua,  which  are  here  renamed  the  Wailuku  Basalt  and  Honolua 


Volcanics,  respectively.  They  did,  however,  include  two  forma- 
tiooal-rank  units,  the  Kilea  Volcanics  and  the  Laina  Volcanics, 
within  their  Lahaina  Volcanic  Series.  The  Lahaina  was  recently 
; reduced  to  formational  rank  and  renamed  the  Lahaina  Volcanics  by 
i Clague  and  others  (I982X  but  they  did  not  address  the  status  of  the 
Kilea  and  Laina.  The  Kilea  Volcanics  and  Laina  Volcanics  arc  two 
I small  flow  units  with  associated  cinder  cones;  because  they  are  of 
such  limited  extent,  they  are  here  abandoned  as  formally  named  units 
and  their  names  used  informally  (table  1.12).  The  name  Lahaina 
Volcanics  of  Clague  and  others  (1982)  is  retained  here. 

Isotopic  age  determinations  of  the  Wailuku  Basalt  and  Hono- 
| lua  Volcanics  (McDougall,  1964;  Naughton  and  others,  1980) 
j (table  1.12)  indicate  a Pleistocene  age  for  both  units.  The  Lahaina 
j Volcanics  is  less  well  dated,  but  it  is  also  considered  to  be 
| Pleistocene.  The  single  K-Ar  age  of  1.30 ±0.10  Ma  (Naughton 
and  others,  1980)  is  considered  to  be  too  old  on  stratigraphic 
grounds. 

KAHOOLAWE  AND  LANAI 

Each  of  these  islands  consists  of  a single  shield  volcano  with  a 
summit  caldera,  and  each  has  been  little  dissected. 

KAHOOLAW  E VOLCANO 

The  lava  of  Kahoolawe  Volcano  was  erupted  along  a promi- 
nent southwest  rift  zone  (fig.  I.25X  The  caldera  was  almost 
completely  buried  beneath  a cap  of  later  lava. 

The  rocks  that  form  essentially  all  of  the  Island  of  Kahoolawe, 
the  smallest  of  the  major  islands,  were  called  the  Kanapou  Volcanic 
Series  by  Steams  (I946X  The  Kanapou.  which  is  not  subdivided 
and  is  here  renamed  the  Kanapou  Volcanics,  represents  the  shield 
stage,  a caldera-filling  phase  of  both  the  shield  and  postshield 
stages,  and  the  postshield  stage.  The  small  rejuvenated-stage  vents 
that  occur  in  the  sea  cliffs  on  the  west  side  of  Kanapou  Bay  were  not 
considered  by  Steams  (1946)  to  be  part  of  the  Kanapou,  and  they 
are  not  so  considered  here. 

The  alkalic  part  of  the  Kanapou  Volcanics  has  been  dated  at 
about  I Ma  (Naughton  and  others,  1980);  the  tholeiitic  part  is 
undated,  but  is  presumed  Here  to  be  Pleistocene  also.  The  rejuve- 
nated-stage vents  are  not  isotopic  ally  dated.  They  were  considered 
to  be  of  Holocene  age  by  Macdonald  and  others  ( 1 98 3 X but  this 
age  is  probably  too  young. 

LANAI  VOLCANO 

The  Island  of  Lanai  was  built  by  eruptions  from  the  summit 
and  along  northwest,  southwest,  and  southeast  rift  zones  (fig.  1 .26). 
The  caldera  was  mostly  filled  by  lava  flows,  but  its  remnant  is  now 
covered  by  alluvium. 

The  volcanic  rocks  of  Lanai  represent  the  shield  stage,  includ- 
ing the  caldera-filling  phase,  and  they  were  called  the  Lanai 
Volcanic  Series  by  Steams  (1946)  Wentworth  (1925)  had  orig- 
inally applied  the  name  Lanai  Basalt  to  the  lava  flows  of  Lanai 
Volcano  ami  the  name  Manele  Basalt  to  the  small  crater  remnant 
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FIGURE  1.25. — Ccneraiucd  geologic  map  of  Kahoolawe.  ibowing  localities  men- 
tioned in  text-  Modified  from  Macdonald  and  others  (1963)  Rift  zooe  from  Ftske 
and  Jackson  (1972) 

that  form*  the  headland  <outhwest  of  Manele  Bay.  Steams  (1946) 
redefined  the  Lanai  to  include  not  only  the  lava  flows  but  also  other 
associated  rocks  (pyroclastic  and  intrusive  rocks)  in  a unit  he  called 
the  Lanai  Volcanic  Series;  he  did  not  include  Wentworths  terms 
Lanai  and  Manele  Basalts  as  part  of  the  Lanai  Volcanic  Series. 
However.  Macdonald  and  Davis  (in  Avias  and  others,  1956) 
included  (improperly)  the  Lanai  Basalt,  which  included  Manele 
Basalt,  in  the  Lanai  Volcanic  Senes,  seemingly  giving  group  status 
to  the  later  unit. 

The  Lanai  Volcanic  Series  of  Steams  ( 1 946)  is  here  reduced 
to  formational  rank  and  renamed  the  Lanai  Basalt.  Though  there  is 
a chance  of  confusion  with  the  Lanai  Basalt  of  Wentworth,  which 
consisted  only  of  the  lava  flows,  it  would  be  more  misleading  to  call 
the  unit  M Lanai  Volcanics"  because  it  consists  totally  of  shield -stage 
tholeiitic  basalt. 

The  term  Manele  Basalt  is  here  abandoned  as  a formal  name 
because  it  has  essentially  the  same  lithology  and  same  age  as  the 
Lanai  Basalt,  as  used  here,  and  is  of  eitremely  limited  «tent  and 
the  term  has  been  applied  to  a former  high  stand  of  the  sea. 

The  Lanai  Basalt  is  of  Pleistocene  age  based  on  a K-Ar 
isochron  age  of  1.28  ±0.4  Ma  (Bonhommet  and  others.  1977) 
(table  U2X 
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FlCUK£  1.26. — Generalized  geologic  map  of  Lanai,  ahowaig  localities  mentioned 
in  tal.  Modified  from  Macdonald  and  others  (1963)  Rift  zones  from  Fiske  and 
Jacluon  (1972)  Caldera  boundary  inferred  to  be  Largely  coincident  with  Ralawai 
Basin. 

MOLOKAI 

The  Island  of  Molokai  is  another  volcanic  doublet,  made  up  of 
two  coalesced  volcanoes — East  Molokai  and  West  Molokai  Vol- 
canoes (fig.  1.27).  East  Molokai  Volcano  had  a summit  caldera; 
there  is  no  evidence  that  West  Molokai  Volcano  had  one.  Both 
volcanoes  are  deeply  dissected  along  their  northern  coasts. 

EAST  MOLOKAI  VOLCANO 

East  Molokai  Volcano  was  built  principally  by  eruptions  from 
the  summit  caldera  and  along  east  and  northwest  rift  zones. 

The  volcanic  rocks  of  East  Molokai  Volcano  were  divided  by 
Steams  (1946,  1947a)  into  the  East  Molokai  Volcanic  Series 
(older)  and  the  Kalaupapa  Basalt  (younger). 

The  East  Molokai  Volcanic  Series,  here  renamed  the  East 
Molokai  Volcanics,  was  subdivided  by  Steams  into  two  informal 
members — lower  and  upper  members.  The  lower  member  repre- 
sents the  shield  stage  and  part  of  the  postshield  stage;  both  stages 
include  a caldera-filling  phase.  The  upper  member  represents  the 
rest  of  the  postshield  stage. 
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Figure  1-27. — Generalized  geologic  map  of  Molokai,  dw-mg  locaktiet  mentioned  in  text  Modified  from  Macdonald  and  other*  ( 1983)  Rift  zones  from  Puke 
and  Jackson  < 1972)  East  Molokai  Volcano  caldera  boundary  from  Holcomb  (1965) 


The  Kalaupapa  Basalt , which  consists  of  alkalic  basalt  and 
basanite,  is  here  renamed  the  Kalaupapa  Volcamcs  to  reflect  the 
range  of  compositions  present.  The  Kalaupapa  has  been  proposed 
as  a separate  shield  (see  Macdonald  and  others,  1963;  Holcomb, 
1985X  but  it  is  here  considered  to  represent  a rejuvenated  stage  vent 
associated  with  East  Molokai  Volcano  on  the  basis  of  its  age  and 
chemistry  (see  Clague  and  others,  I982X 

The  East  Molokai  Volcanics  is  largely  Pleistocene,  but  its 
lowermost  flows  are  Pliocene  on  the  basis  of  K-Ar  age  determina- 
tions on  its  lower  and  upper  members  (McDougall,  1964;  Naugh 
ton  and  others,  1980)  (table  I . I2X  The  Kalaupapa  Volcamcs  has  a 
Pleistocene  age  based  on  K-Ar  determinations  of  0.37  ±0.02  and 
0.35  ±0.03  Ma  (Clague  and  others.  1982). 


WEST  MOLOKAI  VOLCANO 

West  Molokai  Volcano  was  built  by  eruptions  principally 
along  a northeast  rift  zone  that  crosses  the  summit  area  (Puu  Nana) 
and  along  a northwest  rift  zone.  There  is  no  evidence  of  a summit 
caldera. 

AJI  of  the  volcanic  rocks  of  West  Molokai  Volcano  were  called 
the  West  Molokai  Volcanic  Senes  by  Steams  (1946,  1 947a X The 
West  Molokai  Volcanic  Senes,  which  was  not  subdivided  by 
Steams,  is  here  renamed  the  West  Molokai  Voicanics  to  reflect  its 
vaned  rock  types.  The  West  Molokai  Volcamcs  represents  the 
shield  and  postshield  eruptive  stages. 

The  age  of  the  West  Molokai  Volcamcs  is  considered  to  be 
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Figure  1-28. — Gnxralard  grotocK  map  of  Oahu.  showing  localitm  mm  honed  at  text.  Modified  from  Macdonald 
and  allien  (1963)  and  Smlon  (in  prm)  Rift  zonrt  from  Fiskr  and  Jatltton  (I972X  Koolau  Volcano  caldera 
boundary  from  Hague  and  Frey  (1982).  Waianae  Volcano  caldera  boundary  from  Stnlon  («n  prea») 


Pliocene  and  Pleistocene  on  the  baits  of  K-Ar  determinations  by 
Naughton  and  others  (1980)  (table  1.I2X 

OAHU 

This  island  is  made  up  of  the  highly  dissected  remnants  of  two 
shield  volcanoes — Koolau  Volcano  (east)  and  Waianae  Volcano 
(west)  (ftg.  1.28) — that  have  lost  their  original  shield  outline  and 


are  now  two  northwest-trending  ridges  shaped  mainly  by  erosion. 
Both  volcanoes  had  summit  calderas. 

KOOLAU  VOLCANO 

Hie  lava  of  Koolau  Volcano  was  principally  erupted  from  the 
caldera  and  along  the  northwest  and  southeast  rift  zones.  A major 
dike  complex  occurs  in  the  rift  zones  (Walker,  chapter  4 1 X The  vents 
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for  (He  youngest  lava  (rejuvenated  stage)  show  no  relationship  to  the 
preexisting  rift  zones. 

The  rocks  of  this  volcano  were  originally  divided  by  Steams 
(1935,  1939)  into  three  major  volcanic  units — the  Kailua  Volcanic 
Senes  (oldestX  the  Koolau  Volcanic  Series,  and  the  Honolulu 
Volcanic  Series  (youngest  X The  Koolau  and  the  Honolulu  represent 
the  shield  stage  and  rejuvenated  stage,  respectively.  Steams  orig- 
inally believed  the  Kailua  Volcanic  Series  represented  an  older  lava 
senes  that  was  under  or  close  by  the  summit  caldera  of  Koolau 
Volcano,  but  that  it  was  not  part  of  Koolau  Volcano.  He  later 
(Steams,  1 940a)  recognized  that  the  Kailua  was  part  of  the  Koolau 
Volcano,  representing  the  caldera  complex.  Macdonald  and  Davis 
(in  Avias  and  others,  1956)  included  (improperly)  the  Kailua 
Volcanic  Series  in  the  Koolau  Volcanic  Senes.  Although  the  ranks 
they  intended  for  these  units  are  not  clear,  it  is  here  presumed  that  the 
Kailua  Volcanic  Series  was  of  formational  rank. 

More  recently  the  Koolau  has  been  considered  to  be  of 
formational  rank.  It  was  called  the  Koolau  Formation  by  Wentworth 
(1951)  and  the  Koolau  Voicanics  by  Lanpherc  and  Dalrymple 
(1979)  (table  I . I2X  It  is  here  renamed  the  Koolau  Basalt  because  it 
consists  entirely  of  shield-stage  tholeiitic  basalt.  Although  Went- 
worth (1926,  fig.  15)  also  used  the  term  “Koolau  basalt"  in  the 
explanation  of  a page-size  geologic  map  of  a small  area  of  Oahu,  he 
did  not  describe  the  unit  and  there  does  not  seem  much  chance  of 
confusion  with  the  Koolau  Basalt  as  used  here.  The  Kailua 
Volcanic  Series  is  here  reduced  in  rank  and  renamed  the  Kailua 
Member  of  the  Koolau  Basalt. 

The  Honolulu  Volcanic  Series  was  defined  by  Steams  (1935) 
to  consist  of  rejuvenaled-stage  lava  that  erupted  from  more  than  35 
vents  on  the  southern  slopes  of  the  volcano.  These  lavas  are  strongly 
alkaltc  and  form  a variety  of  cones  (tuff,  cinder,  spalterX  many  with 
associated  lava  flows.  The  eruptions  presumably  did  not  come  in 
rapid  succession,  but  occurred  over  a long  period  of  time.  Their 
general  sequence  (Macdonald  and  others,  1963)  (table  1.12)  has 
been  based  largely  on  the  relative  degree  of  weathering  and  erosion 
and  on  relations  to  stands  of  the  sea  because  few  super  positional 
relations  are  known  and  isotopic  ages  arc  considered  unreliable. 

The  Honolulu  Volcanic  Series  was  of  group  rank  as  defined  by 
Steams  (1935,  1939)  because  it  was  made  up  of  numerous  formally 
named  units  of  formational  rank  (table  1 . 1 2X  Hay  and  Iijima  (1966) 
and  Clague  and  others  ( 1 982)  also  considered  the  Honolulu  to  be  of 
group  rank.  Lanphere  and  Dalrymple  (1979)  and  Clague  and  Frey 
(1962)  used  the  formalional-rank  term  Honolulu  Voicanics,  but  did 
not  address  the  status  of  its  formally  named  subdivisions.  The 
Honolulu  is  here  considered  to  be  of  formational  rank,  and  the  term 
Honolulu  Voicanics  is  retained  to  reflect  its  range  of  lithologic 
compositions. 

The  formally  named  eruptive  units  that  make  up  the  Honolulu 
could  have  been  reduced  in  rank  and  retained  as  formally  named 
members,  but,  because  most  are  single  flows  of  very  limited  extent, 
this  seems  unnecessary;  they  are  here  all  considered  to  be  informal 

units  (table  I.  I2X 

The  age  of  the  Koolau  Basalt  is  Pliocene  based  on  K-Ar  ages 
ranging  from  2.7  to  1.8  Ma  (Doell  and  Dalrymple,  1973); 


however,  a Pleistocene  age  cannot  be  ruled  out  for  the  youngest  flows 
(table  1.12X  The  Kailua  Member  has  not  been  isotopically  dated, 
but  is  probably  Pleistocene. 

The  K-Ar  ages  reported  for  the  Honolulu  Voicanics  range 
from  about  0.9  to  about  0.03  Ma,  but  there  are  large  differences 
(sometimes  a factor  of  ten)  in  the  ages  reported  by  different 
investigators  for  the  same  eruptive  units  (see  Clague  and  Dalrymple, 
chapter  I,  part  I;  Macdonald  and  others,  I983X  The  Honolulu  is 
certainly  in  part  Pleistocene  on  the  basis  of  published  K-Ar  ages, 
but  because  of  the  unreliability  of  some  of  the  ages,  a Holocene  age 
cannot  be  ruled  out  for  the  youngest  flows. 

WAIANAE  VOLCANO 

Waianae  Volcano  was  built  by  eruptions  from  the  summit 
caldera  and  along  the  principal  northwest  and  southeast  rift  zones. 

The  rocks  of  the  volcano  are  divided  into  the  Waianae 
Voicanics,  representing  the  shield  and  postshield  stages  (both 
including  a caldera-  filling  phaseX  and  the  KoJekole  Voicanics, 
representing  the  rejuvenated  stage  (Sinton,  in  press X The  Waianae 
was  originally  named  the  Waianae  Volcanic  Senes  and  subdivided 
into  three  informal  members  (lower,  middle,  and  upper)  by  Steams 
(I935X  He  described  these  members  but  did  not  map  them 
separately  (Steams,  I939X  The  Waianae  has  recently  been  sub- 
divided by  Sinton  (in  press)  into  three  formally  named  members — 
the  Lualualei  (oldestX  Kamaileunu,  and  Palehua  (youngest)  Mem- 
bers. These  members  are,  for  the  most  part,  equivalent  to  Steams 
lower,  middle,  and  upper  members,  respectively  (table  1.12;  see 
Sinton,  in  pressX  The  Kamaileunu  Member  includes  the  Mauna 
Kuwalc  Rhyodacite  Flow  and  several  icelandite  flows.  ITiese  are 
the  only  known  occurrences  of  rhyodacite  and  icelandite  in  the 
Hawaiian  Islands.  Use  rhyodacite  flow  was  given  formal  status  by 
Sinton  (in  pressX  and  because  it  is  of  such  distinctive  lithology  it  is 
also  considered  to  be  formal  here. 

A Pliocene  age  for  the  Waianae  Voicanics  is  inferred  from  K- 
Ar  determinations  ranging  from  3.9  to  2. 5 Ma  (Doell  and  Dalrym- 
ple, 1973)  (table  I.  I2X  Funkhouser  and  others  (1968)  reported  an 
average  K-Ar  age  of  about  2.4  Ma  for  the  Mauna  Kuwale 
Rhyodacite  Row,  but  this  age  is  inconsistent  with  their  reported 
ages  for  the  overlying  lava  flow  (4.3  Ma)  and  dikes  (about  3 Ma) 
cutting  the  rhyodacite.  According  to  Sinton  (in  pressX  the  Mauna 
Kuwale  probably  has  a minimum  age  of  3.2  Ma.  The  Kolekole 
Voicanics  has  not  been  isotopically  dated  but  is  tentatively  consid- 
ered by  Sinton  (in  press)  to  be  Pleistocene. 

KAUAI 

KAUAI  VOLCANO 

Hie  Island  of  Kauai  (fig.  1.29)  consists  of  a single  deeply 
eroded  shield  volcano  with  a summit  caldera  15-20  km  across,  the 
largest  tn  the  Hawaiian  Islands,  and  at  least  two  flank  calderas,  the 
only  ones  known  in  the  islands.  Lava  erupted  not  only  in  the 
calderas,  but  also  from  northwest  and  southeast  nft  zones.  After  a 
period  of  erosion,  rejuvenaled-stage  lava  erupted  from  about  40 
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FIGURE  I 29  — GtfMtalurd  grologK  map  of  Kauai,  »kiv»-ing  locahlir*  mmlionrd  in  text  Modified  from  Macdonald  and  other*  ( 19631  Rifi  /ones  from  Fuke  and  Jackson 
(1972)  Summit  caldera  and  toutheail  flank  caldera  are  represented  by  Olokele  Member  and  Haupu  Member,  respectively.  Another  flank  caldera  a represented  by 
I ohoe  baian,  a subcircular  basin  10- 1 5 km  wide,  which  is  almost  bisected  by  southeast  rift  rone  I Here  is  no  evidence  that  shield  stage  or  postshield  stage  lava  poured  into 
ttus  caldera,  but  it  was  Later  filled  with  rejuvenated -stage  lava  ( Koioa  Volcanic  si 


vents  scattered  over  the  eastern  two-thirds  of  the  island;  these  vents 
show  no  relation  to  the  older  rift  cones. 

The  rocks  of  Kauai  Volcano  were  originally  divided  by 
Steams  (1946)  into  the  Waimea  Volcanic  Series  (older X later 
renamed  the  Waimea  Canyon  Volcanic  Series  (Macdonald,  1949), 
and  the  Koioa  Volcanic  Series  (younger)  The  Waimea  Canyon 
represents  the  shield  stage  including  the  caldera-filling  phase. 
Postshidd- stage  hawaiite  is  rare  and  occurs  only  at  the  top  of  the 
Waimea  Canyon  (fig.  1.21,  table  1.12).  The  Koioa  represents  the 
rejuvenated  stage. 

The  Waimea  Canyon  Volcanic  Series  was  subdivided  by 
Macdonald  and  others  (1954.  I960)  into  four  formally  named 
formations — the  Napali.  Haupu,  Olokele,  and  Makaweli  Forma- 
tions. The  Makaweli  Formation  as  defined  by  Macdonald  and 
others  (I960)  included  associated  sedimentary  deposits,  which  were 
called  the  Mokuone  Member. 

In  order  to  have  a nomenclature  consistent  with  the  other 
volcanoes  of  the  Hawaiian  Islands,  the  following  changes  are  here 
made  to  the  Waimea  Canyon  Volcanic  Series:  The  Waimea  Canyon 
is  reduced  to  formational  rank  and  renamed  the  Waimea  Canyon 


Basalt  to  reflect  its  predominant  lithology.  Its  subdivisions  are 
reduced  to  member  rank  and  called  the  Napali.  Haupu.  Olokele, 
and  Makaweli  Members.  The  sedimentary  unit  included  within  the 
Makaweli  is  reduced  in  rank  and  renamed  the  Mokuone  Breccia 
Beds  (table  I.I2X 

Although  the  Napali.  Haupu.  Olokele.  and  Makaweli  Mem- 
bers consist  of  essentially  the  same  rock  types,  they  are  distinguish- 
able and  extensive  units.  The  Napali  Member  consists  of  thm- 
bedded  flank  flows,  whereas  the  Olokele  and  Makaweli  Members 
consist  of  massive  or  thick -bedded  flows.  The  Olokele  is  separated 
from  the  Makaweli  and  from  the  Napali  by  faults,  The  Haupu, 
which  presumably  represents  a small  caldera  on  the  southeast  flank 
of  the  volcano,  also  consists  of  thick -bedded  flows,  but  it  is  isolated 
from  the  Olokele  and  Makaweli  Members  and  is  surrounded  by 
older  thin-bedded  flows  of  the  Napali  Member. 

The  Napali.  Olokele,  and  Makaweli  Members  had  more  than 
one  type  locality  specified  by  Davis  and  Macdonald  (in  Avias  and 
others,  1956)  and  Macdonald  and  others  (I960)  One  of  the 
localities  is  here  retained  as  the  type  locality  for  each  unit,  and  the 
other  localities  are  redesignated  as  reference  localities  (table  1.12.) 
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The  Koloa  Volcanic  Scries,  as  defined  by  Steams  (1946)  and 
Macdonald  and  others  (I960X  included  within  it  a sedimentary  unit 
that  they  named  the  Palikea  Formation.  The  Palikea  Formation 
consists  largely  of  breccia  underlying  and  interbedded  with  Koloa 
lava  flows.  The  breccia,  which  grades  laterally  in  some  places  into 
stream-laid  conglomerate,  is  primarily  made  up  of  fragments  of  the 
Waunea  Canyon  Basalt  and  represents  the  rapid  shedding  of  debris 
from  the  steep  slopes  of  the  volcano  before  and  during  Koloa  time. 
Clague  and  others  (1982)  reduced  the  Koloa  Volcanic  Series  to 
format ional  rank  and  renamed  it  the  Koloa  Volcanics,  but  they  did 
not  discuss  the  status  of  the  Palikea  Formation.  The  Palikea  is  here 
reduced  in  rank  and  renamed  the  Rdikea  Breccia  Member  of  the 
Koloa  Volcanics. 

The  Waimca  Canyon  BasaJt  is  largely  of  Pliocene  age,  but  the 
oldest  flows  may  be  Miocene,  as  indicated  by  K-Ar  ages  ranging 
from  about  5.1  to  3.6  Ma  (McDougall,  1964;  I979)l  The  age 
relations  between  the  caldera -filling -phase  members  are  not  known, 
but  the  Olokele  Member  is  considered  to  be  older  than  the 
Makaweli  Member,  and  the  Haupu  Member  is  thought  to  be  coeval 
with  the  Olokele. 

The  Koloa  Volcanics  is  largely  Pleistocene,  an  age  indicated 
by  all  the  published  K-Ar  ages,  but  unpublished  K-Ar  ages  of  2. 59 
and  2.01  Ma  (G.B.  Dalrymple,  oral  commun..  1986)  suggest  that 
the  oldest  flows  are  Pliocene.  The  age  of  the  Rdikea  Breccia 
Member  is  not  known,  but  it  is  probably  Pliocene  and  Pleistocene 
on  the  basis  of  its  stratigraphic  relations  to  Koloa  lava  flows. 


NIIHAU 

NIIHAU  VOLCANO 

The  Island  of  Niihau  (fig.  1 .30)  is  the  deeply  eroded  remnant 
of  a shield  volcano.  The  central  highland  area,  which  consists  of 
shield -stage  tholeiitic  lava,  is  fringed  by  a low  coastal  platform, 
which  consists  of  rejuvenated-stage  lava.  The  shield-stage  lava  was 
erupted  from  a southwest  rift  zone;  the  summit  of  the  shield  (and 
former  caldera?)  was  presumably  northeast  of  the  present  island. 

The  rocks  of  the  volcano  were  divided  by  Steams  (1946, 
1947b)  into  two  major  units — the  Paniau  Volcanic  Senes  (older) 
and  the  Kiekie  Volcanic  Series  ( younger  X The  Paniau  almost 
entirely  represents  the  shield  stage;  a single  postshield-stage  vent  that 
occurs  at  Kaeo  and  a couple  postshield  alkalic  basalt  dikes  along  the 
east  coast  of  the  island  are  also  considered  in  this  report  to  be  part  of 
the  Paniau  Basalt.  These  units  are  here  renamed  the  Paniau  Basalt 
and  Kiekie  Basalt,  respectively.  Although  all  of  the  rejuvenated- 
stage  units  on  the  other  islands  are  called  "Volcanics. " the  name 
Kiekie  Volcanics  is  not  used  here  because  the  Kiekie  consists  entirely 
of  alkalic  basalt. 

No  isotopic  ages  for  the  Island  of  Niihau  have  been  published. 
However,  unpublished  K-Ar  data  for  1 1 flows  of  the  Paniau  indicate 
a Miocene  and  Pliocene  age  (G.B.  Dalrymple.  oral  commun., 
1986).  Fhe  Kiekie  Basalt  was  considered  to  be  of  Pleistocene  age 
by  Steams  (1947b)  on  the  basis  of  its  relations  to  Pleistocene 
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shorelines,  but  unpublished  K-Ar  ages  (G.B.  Dalrymple,  oral 
commun.,  1986)  indicate  a Pliocene  and  Pleistocene  age. 
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Table.  1.12-  — Summary  of  itrabgraphk  unit*  for  main  touthcwkm  Havanan  litandt 

(Volcanic  rock*  and  cloM+y  aum  taird  uitmww  rock*  and  iednnmury  deports  only  Uartt  on  eack  w4mw  are  Inled  from  yotmaest  to  older! . *ee  Wart  for  further  explanation  All  nrtopK  agn  (m 
parrnthwr.l  and  K-Ar  <(n  (m  aM&ooa  cf  year* k makulated  from  new  decay  constant,  unlew  otherwise  ao*rd;  taetMunary  by  Claque  and  Dalrymple  (chapter  l.  part  Ik  The  term  'partly'  (w 
parenthete*)  prerrdme  a former  name  rndtroK*  that  the  «rt  a*  then  dehoed  u equivxkrt  to  only  pari  of  d*e  umt  a*  wed  here;  the  term  'part"  (in  parentheses)  following  a former  name  imhcate*  that 
the  umt  a*  used  here  n equivalent  to  only  part  of  the  wut  a*  then  defined] 


Unit  (this  report)  Description 


Age 


Remarks 


Kllauea  Volcano 


Puna  Basel t 


Keanakakol  Ash 
Member 


Uwekahuna  Ash 
Member 


Shield-stage  lava  of  tholelittc  basalt  and 
plcrltlc  thoietltlc  basalt.  Historic  and  pre- 
historic lava  Mows  and  minor  intercalated 
pyroclastic  deposits.  Exposed  over  most  of 
surface  of  Kllauea.  Maximum  exposed  thick- 
ness: > 100  m.  Type  locality:  Uwekahuna  Bluff 
at  Kllauea  Crater  (caldera).  Reference  local- 
ities: at  Napau,  Mataopuhl,  and  Kllauea  Ikl 
Craters,  and  near  Keana  Blhopa  {see  Easton, 
chapter  11).  Overlies  and  Is  locally  Interca- 
lated with  Pahala  Ash;  Interfingers  with  Kau 
Basalt  of  Mauna  Loa  Volcano,  tncludes 
Keanakakol  Ash  Member  and  Uwekahuna  Ash  Member: 


Holocene  and 
Pleistocene 
{14C,  1.13-22.6  ka) 
(see  text) 


Puna  Basalt  (Easton,  chapter  11) 
Formerly:  Kmehame  Basalt  (part) 
(Stearns,  1926,  1930);  Puna 
Volcanic  Series  (Stearns  and 
Macdonald,  1946);  Puna  Formation 
(Easton  and  Garcia,  1980). 


llthlc  and  vitrlc  ash.  Pyroclastic  surge  and  Holocene 

minor  alrfall  deposits.  Mainly  represents 

explosive  eruption  of  A.O.  1790,  but  has 

slightly  older  retlculite  punice  at  base  and 

post- 1790  but  pre- 1823  retlculite  pumice  at 

top.  Occurs  around  Kllauea  Crater  (caldera). 

Maximum  exposed  thickness:  — 11  m.  Type  local- 
ity: just  southwest  of  Keanakakol  Crater,  is 
Interbedded  with  historic  Puna  lava  flows. 


Mostly  ash.  Mainly  pyroclastic  surge  deposits  Holocene 
Exposed  near  base  of  Kllauea  Crater  (caldera)  (14C,  see  text) 
and  on  southeast  flank  of  Mauna  Loa.  Maximun 
exposed  thickness:  —5  m.  Type  locality: 

Uwekahuna  Bluff.  Interbedded  with  prehistoric 
Puna  lava  flows. 


Keanakakol  Ash  Member  (Easton, 
chapter  11).  Formerly:  Keanakakol 
Formation  (part)  (Wentworth, 

1938;  Powers,  1948);  *aa*  [erro- 
neously for  ash?]  member  (part) 
of  Puna  Volcanic  Series  (Stearns 
and  Macdonald  1946,  p.  106); 
Keanakakol  Formation  (part)  of 
Puna  Volcanic  Series  (Davis  and 
Macdonald  In  Avias  and  others, 
1956);  Keanakakol  Member  (part) 
of  Puna  Formation  (Easton  and 
Garcia,  I960) ; (partly) 

Keanakakol  Formation  (Mai  In 
and  others,  1983). 

Uwekahuna  Ash  Member  (Easton, 
chapter  11).  Formerly:  Uwekahuna 
Ash  of  Kllauea  Series  (Stone, 
1926) ; Uwekahuna  Formation 
(Wentworth,  1938;  Powers.  1948); 
Uwekahuna  Tuff  of  Puna  Volcanic 
Series  (Stearns  and  Macdonald, 
1946,  p.  194);  Uwekahuna  Ash  of 
Puna  Volcanic  Series  (Macdonald, 
1949,  p.  65,  67;  Davis  and 
Macdonald  in  Avias  and  others, 
1966) ; UweFahuna  Member  of  Puna 
Formation  (Easton  and  Garcia, 
1980) . 


Pahala  Ash 


Vitrlc  ash,  largely  palagonictzed.  Occurs  on 
Mauna  Loa  and  Kilauea  Volcanoes  (see  text). 
Maximum  exposed  thickness: —15  m.  No  type 
locality  designated;  named  for  exposures  near 
town  of  Pahala  on  south  slope  of  Mauna  Loa. 
Principal  reference  locality:  Moolel o.  Just 
southwest  of  Keana  Blhopa;  reference  locali- 
ties: Puu  Kapukapu  and  Puu  Kaone,  all  on 
Kilauea  Volcano  (see  Easton,  chapter  11). 
Uverlles  Hllina  Basalt  on  Kllauea  and  Kahuku 
Basalt  on  Mauna  Loa. 


Pleistocene  Geographically  restricted  (see 

text).  Pahala  Ash  (Easton,  chap- 
ter 11).  Formerly;  Pahala  Series 
(part)  (Noble  and  Clark  Jii 
Washington,  1923);  Pahala  Ash  of 
Pre-Kilauea  Series  (Stone,  1926); 
Pahala  Basalt  or  Formation  (part) 
(Stearns,  1930);  Pahala  Tuff 
(Wentworth,  1938);  Pahala  Ash 
(part)  (Stearns  and  Macdonald, 
1946;  Oavis  and  Macdonald  In 
Avias  and  others,  1966);  Pahala 
Formation  (Easton  and  Garcia, 
1980). 
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TaBUE  1.12.  — Summary  of  stratigraphic  units  for  mam  toullvasJcm  HaOahan  Islands — Canlmued 


Unit  (this  report) 


Description 


Age 


HAWAII— Continued 


Kilauea  Vo Ice no- -Continued 


HI  line  Basalt 

Shield-stage  leva  of  tholelltlc  basalt,  oli- 
vine tholelttlc  basalt,  and  plcrltlc  tholel- 
ltlc basalt*  Predominantly  flows  with  associ- 
ated pyroclastic  deposits.  Exposed  In  Hlllne 
fault  system  escarpments  along  south  flank  of 
volcano.  Hurl—  exposed  thickness:  —300 
Type  locality:  Just  south  of  Keana  Bihopa. 
Reference  localities:  Keana  Bihopa  and  Puu 
Kapukapu.  Base  not  exposed,  includes  Moo, 
Pohakaa,  Kahele,  and  Halepe  Ash  Members,  all 
intercalated  with  Hlllna  lava  flows. 

Pleistocene 
(see  text) 

Hlllna  Basalt  (Easton,  chapter 
11).  Formerly:  Pahala  Basalt 
(part)  (Stearns  and  Clark,  1930) 
Hlllna  Volcanic  Series  (Stearns 
and  Macdonald,  1946) ; Hlllna 
Formation  (Easton  and  Garcia, 
I960;  Decker  and  Christiansen, 
1984). 

Moo  Ash 

Member 

Mostly  yellow-brown  ash  and  palagonlte.  Max- 
imum exposed  thickness:  —3  m.  Type  locality: 
Keana  Bihopa.  Reference  locality:  Puu 
Kapokapu. 

Pleistocene 

Moo  Ash  Member  of  Hlllna  Basalt 
(Easton,  chapter  11).  Formerly: 
Moo  Member  of  Hlllna  Formation 
(Easton  and  Garcia,  1980). 

Pohakaa 

Ash  Member 

Thickest  of  ash  members.  Yellow-  to  reddish- 
brown-weathering  palagonlte,  vitrlc  ash,  and 
soil.  Exposed  thickness:  1-4  m.  Type  local- 
ity: Pohakaa  Arroyo,  about  3 km  southwest  of 
Keana  Bihopa.  Reference  locality:  Puu 
Kapukapu. 

Pleistocene 

Pohakaa  Ash  Member  of  Hlllna  Ba- 
salt (Easton,  chapter  11).  For- 
merly: Pohakaa  Member  of  Hlllna 
Formation  (Easton  and  Garcia, 
1980). 

Kahele 

Ash  Member 

Crudely  bedded  red  clay  with  palagonlte. 
Exposed  thickness:  10-125  cm.  Type  locality: 
Pohakaa  Arroyo,  about  3 km  southwest  of  Keana 
Bihopa.  Reference  locality:  Puu  Kapukapu. 

Pleistocene 

Kahele  Ash  Member  of  Hlllna  Ba- 
salt (Easton,  chapter  11).  For- 
merly: Kahele  Member  of  Hlllna 
Formation  (Easton  and  Garda, 
1980) . 

He  1 ape 

Ash  Member 

Palagonlte  and  poorly  bedded  clay.  Exposed 
thickness:  10-50  cm.  Type  locality:  Keana 
Bihopa.  Reference  locality:  Puu  Kapukapu. 

Pleistocene 

Hal  ape  Ash  Member  of  Hlllna  Ba- 
salt (Easton,  chapter  11).  For- 
merly: Hal  ape  Member  of  Hlllna 
Formation  (Easton  and  Garcia, 
1980) . 

Maun  a Loa  Volcano 


Kau  Basalt 

Shield-stage  lava  of  tholelltlc  basalt,  oli- 
vine tholelltlc  basalt,  and  plcrltlc  tholel- 
ltlc basalt.  Historic  and  prehistoric  lava 
flows  and  minor  Intercalated  pyroclastic 
deposits.  Exposed  over  most  of  surface  of 
Mauna  Loa.  Maximum  exposed  thickness:  > 185  m. 
Type  locality:  west  wall  of  Nokuaweoweo  Crater 
(caldera).  Overlies  Pahala  Ash  and  Kahuku 
Basalt;  interfingers  with  Puna  Basalt  of 
Kilauea  Volcano. 

Holocene  and 
Pleistocene 

Renamed.  Formerly:  Kamehame 
Basalt  (part)  (Stearns,  1926, 
1930);  Kau  Volcanic  Series 
(Stearns  and  Macdonald,  1946); 
Kau  Formation  (Porter,  1971, 
1974);  Kau  Volcanlcs  (Lipman, 
1980) . 

Pahala  Ash 

See  description  under  Kilauea. 

Pleistocene 

See  "Remarks*  under  Kilauea;  see 
also  text  under  Mauna  Loa. 

Kahuku  Basalt 

Shield-stage  lava  of  tholelltlc  basalt,  oli- 
vine tholelltlc  basalt,  and  plcrltlc  tholel- 
ltlc basalt.  Lava  flows  and  minor  Intercalat- 
ed pyroclastic  deposits.  Exposed  on  east  and 
south  sides  of  Mauna  Loa.  Minimum  exposed 
thickness:  180  m.  Type  locality:  Kahuku  Pali, 
a fault  escarpment  running  north  of  Ka  Lae. 
Overlies  (fault  or  unconformity)  Hinole  Basalt. 

Pleistocene 

Renamed.  Formerly:  lower  member 
of  Pahala  Basalt  (part)  (Stearns 
1930);  Kahuku  Volcanic  Series 
(Stearns  and  Macdonald,  19461; 
Kahuku  Volcanlcs  (Lipman,  1980). 

Hinole  Basalt 

Shield-stage  lava  of  tholelltlc  basalt,  oli- 
vine tholelltlc  basalt,  and  plcrltlc  tholel- 
ltlc basalt.  Lava  flows  with  pyroclastic 
deposit  near  top.  Exposed  north  of  Waiohinu 
on  southeast  slope  of  Mauna  Loa.  Maximum 
exposed  thickness:  — 6Dfi  m.  Type  locality: 
walls  of  valley  at  Puu  Enuhe,  near  Hinole 
Gulch.  Base  not  exposed. 

Pleistocene 
(0.5410.4) 
(see  text) 

Hinole  Basalt  (Stearns,  1926, 
1930)  (see  text).  Formerly: 
(partly)  Ninole  Tuff  (Wentworth, 
1938);  Ninole  Volcanic  Series 
(Stearns  and  Macdonald,  1946); 
Ninole  Volcanlcs  (Lipman,  1980). 
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Table  1.12.  — Summary  of  itnfigrapivc  units  for  main  southeastern  Haaaitan  Islands — Continued 


Unit  (this  report) 


Description 


Age 


Remarks 


HAWAII--Cont1nued 


Mauna  Kea  Volcano 


laupahoehoe  Volcanic* 

Postshield-stage  alkallc  lava  flows  and  asso- 
ciated volcanic  and  sedimentary  deposit*. 
Occurs  on  nost  of  surface  of  Magna  Kea.  Typi- 
cal exposed  thickness:  50-100  n.  Type  local- 
ity: near  town  of  laupahoehoe.  Reference 
localities:  In  Walkahalulu  and  Pohakuloa 
Gulches.  Conformably  overlies  Hawakua  Volcan- 
Ics.  Divided  Into  Walkahalulu  Volcanic  Member, 
and  Makanaka  and  Walhu  Glacial  Members: 

Holocene  and 
Pleistocene 

Reduced  In  rank  and  renamed  (see 
text).  Formerly:  (partly) 
Laupahoehoe  Volcanic  Series 
(Macdonald,  1945;  Stearns  and 
Macdonald,  1946);  Laupahoehoe 
Series  (Porter,  1971);  Laupahoe- 
hoe Group  (Porter,  1973,  1974, 
1979a,  1979b;  Porter  and  others, 
1977). 

Walkahalulu 
Volcanic  Member 

PostsMeld-stage  lava  predominantly  of  hawai- 
ite,  but  seme  alkallc  basalt  and  ankaramlte. 
Flows  and  associated  pyroclastic  deposits. 
Occurs  on  upper  and  lower  slopes  of  volcano. 
Typical  exposed  thickness:  50-100  ■.  Type  lo- 
cality: In  Walkahalulu  Gulch.  Reference  local- 
ity: in  Pohakuloa  Gulch.  Conformably,  and  lo- 
cally uncon formably,  overlies  Hamakua  Volcan- 
ics.  Interstrati  fled  with  Makanaka  and  Walhu 
Glacial  Members. 

Holocene  and 
Pleistocene 
(liC  and  K-Ar, 
0.0045-0.19) 

Reduced  In  rank  and  renamed  (see 
text).  Formerly:  (partly)  Laupa- 
hoehoe Volcanic  Series  (Stearns 
and  Macdonald,  1946);  (partly) 
Walkahalulu  Formation  of  Laupa- 
hoehoe Group  (Porter,  1974, 
Porter  and  others,  1977); 
Walkahalulu  Formation  of  Laupa- 
hoehoe Group  (Porter,  1979a, 
1979b). 

Makanaka  Glacial 
Member 

Gravel  and  diamlcton.  Exposed  on  upper  slopes 
of  volcano.  Exposed  thickness:  > 10  ia.  Type 
locality:  Puu  Makanaka.  Reference  localities: 
In  Walkahalulu  and  Kemole  Gulches.  Interca- 
lated with  Walkanalulu  lavas.  Younger  than 
Walhu  Glacial  Member. 

Pleistocene 

Reduced  In  rank  and  renamed  (see 
text).  Formerly:  Makanaka  Orlft 
(Wentworth  and  Powers,  1941;  see 
also  Stearns,  1945);  Makanaka 
Formation  (part)  of  Laupanoehoe 
Group  (Porter,  1974;  Porter  and 
others,  1977);  Makanaka  Formation 
of  Laupahoehoe  Group  (Porter, 
1979a,  1979b). 

Walhu  Glacial 
Member 

Mainly  conglomerate  and  dlanictlte.  Exposed 
mainly  on  upper  slopes  below  summit  of  Mauna 
Kea.  Exposed  thickness:  generally  < 30  m. 

Type  locality:  near  Walhu  Spring.  Tfeference 
localities:  In  Pohakuloa  Gulch  and  near  Waihu 
Spring. 

Pleistocene 

Reduced  In  rank  and  renamed  (see 
text).  Formerly:  walhu  Drift 
(Wentworth  and  Powers,  1941); 
Walhu  Fanglomerate  (Stearns, 
1945);  Walhu  Formation  of  Laupa- 
hoehoe Group  (Porter  and  others, 
1977;  Porter,  1974,  1979a.  1979b) 

Hamakua  Volcanic* 

Divided  Into  three  members:  upper  two 
formal ly-named  members  represent  postshield- 
stage  lava  flows  and  pyroclastic  cones  and 
associated  sedimentary  (glacial)  deposits; 
Informal  lower  member  represents  shield-stage 
lava  flows.  Type  locality:  In  south  Mail  of 
Laupahoehoe  Stream  gulch.  Reference  locality: 
Pohakuloa  Gulch. 

Pleistocene 

Reduced  In  rank  and  renamed  (see 
text).  Formerly:  (partly)  Hamakua 
Volcanic  Series  (Stearns  and 
Macdonald,  1946);  Hamakua  Group 
(Porter,  1973,  1974,  1979a, 

1979b;  Porter  and  others,  1977) 
(see  text). 

Pohakuloa  Glacial 
Member 

Gravel  and  diamlcton.  Exposed  mainly  in 
Pohakuloa  and  Walkahalulu  Gulches.  Maximum 
exposed  thickness:  —40  n.  Type  locality: 
west  wall  of  upper  Pohakuloa  Gulch.  Reference 
locality:  In  Walkahalulu  Gulch.  Locally  over- 
lies  upper  flows  of  Hopukanl  Volcanic  Member. 

Pleistocene 

Reduced  In  rank  and  renamed  (see 
text).  Formerly:  Pohakuloa  Drift 
(Wentworth  and  Powers,  1941); 
Pohakuloa  Formation  of  Hamakua 
Group  (Porter,  1974,  1979a, 
1979b;  Porter  and  others,  1977) 

Hopukanl  Volcanic 
Member 

Postshield-stage  lava  of  alkallc  basalt, 
ankaramlte,  and  hawallte.  Flows  and  cinder 
cones.  Exposed  mainly  In  gulches  on  lower 
windward  slopes  of  Mauna  Kea  and  In  saddle 
between  Mauna  kea  and  Kohala  Volcanoes.  Ex- 
posed thickness:  —25  m.  Type  locality:  in 
south  wall  of  Laupahoehoe  Stream  gulch.  Refer- 
ence localities:  In  Pohakuloa  and  Uafkahalulu 
Gulches.  Overlies  lower  member. 

Pleistocene 

(0.2?t0.04, 

0.375*0.050) 

Reduced  In  rank  and  renamed  (see 
text).  Formerly:  upper  member  of 
Hamakua  Volcanic  Series  (Stearns 
and  Macdonald,  1946);  Hopukanl 
Formation  of  Hamakua  Group 
(Porter,  1974,  1979a.  1979b; 
Porter  and  others,  1977). 
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Table  1.12.  — Summary  of  itratigraphjL  until  for  main  lot Mheatlem  Haoaitan  Ulaiuh — Gnitnuml 


Jolt  (this  report) 

Description 

Age 

Remarks 

HAWAII— Continued 

Nauna  Kea  Volcano- -Continued 

lower  member 

Shield-stage  lava  of  tholelltlc  basalt,  oli- 
vine tholelltic  basalt,  and  plcrltlc  tbolel- 
1 tic  basalt.  Exposed  in  sea  cliffs  and  gulch- 
es along  northeast  coast  of  Nauna  Kea  (so- 
called  Hanakua  coast)  and  near  mouths  of 
valleys  between  Hilo  and  Laupahoehoe.  Exposed 
thickness:  probably  —150  m.  Base  not  exposed. 

Pleistocene 

Formerly:  lower  member  of  Mamakua 
Volcanic  Series  (Stearns  and 
Macdonald,  1946,  p.  154,  fig. 

31)  (see  text). 

Hualalal  Volcano 

Nualalal  Volcanlcs 

Postshield-stage  lava  of  alkallc  basalt  and 
rare  hawallte.  Historic  and  prehistoric  lava 
flows  and  associated  pyroclastic  deposits. 
Covers  entire  surface  of  Hualalal  Volcano. 
Heximun  exposed  thickness:  —15(1  m.  Type 
locality:  around  town  of  Kailua.  Interfingers 
with  Kau  Basalt  of  Hauna  Loa  Volcano.  Base  not 
exposed.  Includes  Kona  ash  beds  (Informal)  and 
Uaawaa  Trachyte  Member  (fomal)  (see  text). 

Holocene  and 
Pleistocene 

Reduced  in  rank  and  renamed  {see 
text).  Formerly:  Hualalal 
Volcanic  Series  (Stearns  and 
Macdonald,  1946). 

Kona  ash  beds 

Abandoned  as  formally  named  unit 
(see  text).  Formerly;  Kona  Tuff 
Formation  (Wentworth,  1938); 
unnamed  unit  of  Hualalal  Volcanic 
Series  (Stearns  and  Macdonald, 
1946);  Kona  Tuff  Formation  of 
Hualalal  Volcanic  Series  (Davis 
and  Macdonald  In  Avlas  and 
others,  1956). 

Uaawaa  Trachyte 
Member 

Trachyte  cone  and  flow.  Occurs  In  Puu  Maawaa- 
Puu  Anahulu  area.  Exposed  thickness:  —275  «. 
Type  locality:  Puu  Uaawaa.  Base  not  exposed. 

Pleistocene 
(Q. 105,  see  text) 

Renamed.  Formerly  Uaawaa  Volcan- 
lcs [Hember]  of  Hualalal  Volcan- 
ic Series  (Stearns  and  Macdonald, 
1946.  p.  143)  (see  text). 

Kohala  Volcano 

Kawl  Volcanlcs 

Postshield-stage  lava  of  mostly  mugearite  and 
hawallte  with  some  trachyte  and  benmoreite. 
Lava  flows  and  associated  pyroclastic  depos- 
its. Occurs  in  summit  area  and  parts  of  slopes 
of  Kohala  Volcano.  Exposed  thickness  of  flows: 
— 30  «.  Type  locality:  In  Kumakua  Gulch,  about 
1 km  east  of  Hawl . Underlies  Quaternary  sur- 
fldal  deposits.  Conformably,  locally  uncon- 
forwably,  overlies  Pololu  Basalt. 

Basalt. 

Pleistocene 

(O.OfiltO.OOl, 

0.261i0.n05) 

Renamed.  Formerly:  Hawi  Volcanic 
Series  (Stearns  and  Macdonald, 
1946). 

Pololu  Basalt 

Shield-stage  lava  of  tholelltic  basalt,  oli- 
vine tholelltic  basalt,  and  plcrltlc  tholei- 
1 t 1c  basalt;  postshield-stage  caldera-f llling 
alkallc  basalt  near  top.  Thin  lava  flows  and 
associated  pyroclastic  deposits.  Occurs  on 
upper  and  lower  slopes  of  Kohala.  Maximum  ex- 
posed thickness:  —900  ».  Type  locality:  on 
northwest  side  of  Pololu  Valley.  Base  not 
exposed. 

Pleistocene 
(0. 304j0.n<J  l- 
n.459tn.028) 

Renamed.  Formerly:  Pololu 
Volcanic  Series  (Stearns  and 
Macdonald,  1946). 
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TabI-E  1 . 12. — Summary  of  sfra/tgrapfu c until  for  main  touthaukm  Haatiian  hland* — Continued 


Unit  (this  report) 


Description 


Age 


Remarks 


m>\ 


East  Maul  (Haleakala)  Volcano 


Hana  Volcanics  Rejuvenated-stage  lava  of  alkalic  basalt  and  Holocene  and 

basanite;  rare  ankaramite  and  hawallte.  Lava  Riel stocene( ?) 
flows  and  associated  intrusive  rocks  and 
pyroclastic  and  sedimentary  deposits.  Exposed 
in  sixnmlt  region  and  on  eastern  and  south- 
western slopes.  Exposed  thickness:  > 300  m. 

Type  locality:  village  of  Hana.  Unconformably 
overlies  Kula  Volcanics.  Includes  Klpahulu 
Member  in  Klpahulu  Valley.  Also  Includes 
historic  flow  of  A.D.  1790  In  Cape  Klnau  area 
and  numerous  Informal  flows  in  Kahiku  and 
Keanae  areas  (see  text)  that  are  listed  below 
in  sequence  (youngest  to  oldest)  from  Stearns 
and  Macdonald  (1942): 


Nahlku  area: 

Hanawl  flow 
Paakea  flow 
Kuhlwa  flow 
Mossraan  flow 
Kapaula  flow 
Makalno  flow 
Walaaka  flow 
Makaplpl  flows 
Big  Falls  flows 


keanae  flow 
Waiokanllo  flow 
Pllnaau  flow 
Ohla  flow 
walluanul  flow 
Pauwalu  flow 

kipahulu  itenber  Late  alkalic  rejuvenated-stage  lava  of  alka-  Plelstocenet?) 
lie  basalt  and  basanite;  rare  ankaramite  and 
nawailte.  Lava  flows.  Exposed  thickness: 

> 400  m.  Type  locality:  klpahulu  Valley. 

Unconformably  overlies  Hana  Volcanics  (older 
flows),  kula  Volcanics,  and  Honomanu  Basalt. 


Kula  Volcanics 


Postshield-stage  lava  of  nawailte  with  some  Pleistocene 

ankaramite  and  alkalic  basalt.  Lava  flows  with  (0.46-0.86, 

associated  intrusive  rocks  and  pyroclastic  and  f).41i0.09) 
sedimentary  deposits.  Exposed  in  sumnlt  region 
and  on  all  slopes.  Maxi nun  exposed  thickness: 

— 600  m.  Type  locality:  near  waiakoa,  on  west 
slope  of  volcano;  reference  localities:  near 
klpahulu  and  along  Halemauu  Trail  (see  text). 

Overlies  Honomanu  Basalt. 


Honomanu  Basalt 


Shield-stage  lava  of  tholeiitic  basalt,  oil-  Pleistocene 
vine  tholeiitic  basalt,  and  picritic  tholei-  (0.75i0.04) 

Itie  basalt.  Lava  flows  and  associated  intru- 
sive rocks  and  rare  pyroclastic  deposits. 

Exposed  in  sunwit  region  and  on  north,  north- 
east, and  southwest  slopes.  Maximum  exposed 
thickness:  —250  m.  Type  locality:  in  Honomanu 
Stream  valley.  Base  not  exposed. 


Reduced  in  rank,  revised  to 
Include  historic  (A.D.  1790) 
flow,  and  renamed  (see  text). 
Formerly:  Hana  Volcanic  Series 
(Stearns,  1942);  Hana  Formation 
(Macdonald,  1978);  Hana  Group 
(Cl ague  and  others,  1982). 


Abandoned  as  formally  named  units  (see 
text).  Formerly  all  in  Hana  Volcanic 
Series  (see  Macdonald,  1942;  Macdonald 
and  Davis  Av las  and  others,  1956): 

nanawi  Basaltic  Andesite 
Paakea  Basalt 
kuhiwa  Basaltic  Andesite 
Mossman  Picritic  Basalt 
Kapaula  Basaltic  Andesite 
Makalno  Basaltic  Andesite 
Walaaka  Basaltic  Andesite 
Makaplpl  Basalt(s) 

Big  Falls  Picritic  Basalt(s) 

Formerly  all  in  Hana  Volcanic 
Series  (see  Stearns,  1942): 

Keanae  Rasalt 
uaiokamilo  Basalt 
Pllnaau  Basalt 
Ohia  Basalt 
Wall uanul  Basalt 
Pauwalu  Basalt 

See  text,  formerly:  klpahulu 
Member  of  Hana  Volcanic  Series 
(Stearns.  1942);  Kipahulu  Forma- 
tion of  Hana  Volcanic  Series 
(Macdonald  and  Davis  In  Avlas  and 
others.  1956);  kipahuTTT  Member  of 
Hana  Volcanic  Series  (Macdonald 
and  Abbott,  1970;  Macdonald  and 
others,  1983;  Stearns,  1985). 


Renaned.  Formerly:  kula  Volcanic 
Series  (Steams,  1942);  (partly) 
kula  Formation  (Macdonald,  1978). 
Includes  rocks  formerly  called 
Kumulltahi  Formation  by  Macdonald 
(1978)  (see  text). 


Renamed.  Formerly:  Honomanu 
Volcanic  Series  (Stearns,  1942); 
(partly)  Honomanu  Formation 
(Macdonald,  1978). 
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TaDLL  M2  — Summary  of  UrafiffrapAit  units  for  motn  iouUtcosiem  Hanahan  Islands — Continued 


Unit  (this  report) 


Description 


Age 


Remarks 


MAUI --Continued 


Best  Maul  Volcano 


Lahaina  Volcanlcs 


Rejuvenated- stage  lava  of  basanlte  and  plcrlt-  Pleistocene 

1c  basanlte.  Lava  flows  and  associated  pyro-  (1.30i0.10,  see 

clastic  deposits.  Exposed  in  small  areas  on  text) 

west  and  southeast  sides  of  West  Maul.  Exposed 

thickness  of  flows:  3-20  «i;  cones,  —45  «.  Mo 

type  locality  designated.  Principal  reference 

locality1:  Puu  Laina.  Unconforwably  overlies 

Honolua  Volcanlcs.  Locally  Includes  two 

Informal  flows: 


Laina  flows  and  cinder  cone 
Kitea  flow  and  cinder  cone 


Lahaina  Volcanlcs  (Claque  and 
otners,  1982)  (see  text).  Former- 
ly: lahaina  Volcanic  Series  of 
Stearns  (1942);  Lahaina  Group 
(Naughton  and  others,  1980). 


Abandoned  as  formally  named 
units.  Formerly  or  Lahaina 
Volcanic  Series  (Stearns,  1942): 
Laina  Volcanlcs 
Kllea  volcanlcs 


Honolua  Volcanlcs  Postshield-stage  lava  of  mugearite,  trachyte.  Pleistocene 

and  hawalite.  Lava  flows  and  associated  do*es  (1.18-1.20, 

dikes,  and  pyroclastic  deposits.  Caps  ridges  1.5010.13) 
on  all  flanks  of  volcano.  Maximum  exposed 
thickness:  —300  m.  Type  locality:  village  of 
Honolua.  Overlies  Wailuku  Volcanlcs. 


Renamed.  Formerly:  Honolua 
Volcanic  Series  (Stearns,  1942). 


WaflukM  Basalt 


Shield-stage  lava  of  tholelltlc  basalt,  oil-  Pleistocene 
vine  tholelltlc  basalt,  and  plcrltic  tholeu  (1.3?ifl.04, 
It  1c  basalt,  and  postsnleld-stage  caldera-  1.58-1.97) 

filling  lava  of  aUallc  basalt.  Lava  flows 
with  associated  intrusive  rocks  and  pyroclas- 
tic and  sedimentary  deposits.  Widely  exposed 
on  West  Maui  Volcano.  Maximum  exposed  thick- 
ness: > 1,500  u.  Type  locality:  south  wall  of 
lao  Valley.  Base  not  exposed. 


Renamed.  Formerly:  Walkglu 
Volcanic  Series  (Stearns,  1942). 


KAHOOLAME 


Kahoolawe  Volcano 


Kanapou  Volcanlcs 


Post&hield-stage  lava  of  alkalic  basalt  and 
hawalite;  postshield-stage  caldera-tilling 
lava  of  alkalic  basalt;  shield-stag*  caldera- 
filling  lava  of  tholelltlc  basalt;  shield- 
stage  lava  of  tholelltlc  basalt  and  olivine 
tholeiltic  basalt.  Lava  flows  and  associated 
pyroclastic  deposits  and  intrusive  rocks. 
Forms  essentially  all  of  island.  Maxlmwn  ex- 
posed  thickness:  —450  m.  Type  locality: 
cliffs  of  kanapou  Bay.  Base  not  exposed. 


Pleistocene 
(upper  alkalic 
part, 
1.0310.18) 


Renamed.  Formerly:  Kanapou 
Volcanic  Series  (Stearns,  1948; 
Macdonald  and  Davis  in  Avms  and 
others,  1956). 


LAMA! 


Lanai  Volcano 


Lanai  Basalt 


Shield-stage  (including  caldera-filling  phase) 
lava  of  tholelltlc  basalt,  olivine  tholelltlc 
basalt,  and  plcritlc  tholelltlc  nasalt.  Lava 
flows  and  associated  pyroclastic  deposits  and 
Intrusive  rocks.  Fores  almost  a!)  of  island. 
Maximum  exposed  thickness:  > I ,000  m.  Mo  type 
locality  designated.  Principal  reference 
locality1:  Meunolei  Gulch  on  northeast  side  of 
island  (J.G.  Moore,  oral  conmun.,  1986).  Rase 
not  exposed. 


Pleistocene  Reduced  in  rank  and  renamed  (see 

(1.2810.*)  text).  Formerly;  (partly)  Lanai 

Basalt  and  Mancie  Basalt 
(Wentworth,  1925);  Lanai  Volcanic 
Series  (Stearns.  1946);  Lanai 
Volcanic  Series  Iwnien  [improper- 
ly] Included  Lanai  Basalt,  and 
Lanai  Basalt  [improperly] 
included  Manele  Basalt!  Macdonald 
and  Davis  in  Avias  and  others, 
1956) . 
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TaBIX  1.12. — Summary  of  xtrdigrapfm  umtt  for  main  %ouihcaikm  HtmOauan  Iskmth — Continued 


Unit  (this  report) 


Description 


Age 


Remarks 


LANAI--Cont1nued 


Lanai  Yolcano--Cont1nued 


(Manele  crater  remnant)  Abandoned  as  formally  named  unit 

(see  tent).  Formerly:  Manele 
Basalt  (Wentworth,  1925) ; Manele 
Basalt  of  Lanai  Basalt  of  Lanai 
Volcanic  Series  (Macdonald  and 
Davis  j_n  Avi  as  and  others,  1956). 


MOLOKAI 


East  Molokai  Volcano 


Kalaupapa  Volcanlcs  Rejuvenated-stage  lava  of  alkallc  basalt  and  Pleistocene 
basanite.  Lava  flaws  and  associated  cone.  (0.3510.03, 

Makes  up  Kalaupapa  peninsula.  Maximum  exposed  0.57*0.02) 
thickness:  —125  m.  Type  locality:  Kalaupapa 
peninsula.  Unconformity  overlies  East  Molokai 
Volcanlcs. 


Renamed.  Formerly:  Kalaupapa 
Basalt  (Stearns,  1946,  1947a; 
Cl ague  and  Frey,  1982). 


East  Molokai 
Volcanlcs 


Divided  Into  two  Informal  members.  Upper 
member;  postshleld-stage  lava  of  mugearite, 
with  lesser  amounts  of  hawaille  and  trachyte. 
Lava  flows  and  associated  pyroclastic  deposits 
and  intrusive  rocks.  Lower  member:  shield- 
stage  (including  caldera-filling  phase)  lava 
of  tholeiltic  basalt,  olivine  tholelltic 
basalt,  and  picrltlc  tnolellttc  basalt,  and 
postshleld-stage  (Including  caldera-filling 
phase)  alkallc  basalt.  Lava  flows  and  associ- 
ated intrusive  rocks  and  pyroclastic  and  sedi- 
mentary deposits.  Makes  up  almost  all  of  East 
Molokai.  Maximum  exposed  thickness:  > 1,500  m. 
Type  locality:  cliff  south  of  Kalaupapa  penin- 
sula. Locally  overlies  West  Molokai  Volcanics 
of  West  Molokai  Volcano.  Base  not  exposed. 


Pleistocene  and  Renamed.  Formerly:  East  Molokai 

Pliocene  Volcanic  Series  (Stearns.  1946, 

(1.35-1.49,  1947a). 

upper  member; 

1.52  and  1.76i0.07, 
lower  member) 


Vest  Molokai  Volcano 


West  Molokai 

Postshleld-stage  lava  of  hawailte  and  alkallc 

Pleistocene  and 

Renamed . 

Formerly:  West  Molokai 

Volcanlcs 

basalt;  shield-stage  lava  of  tnoleiitic 

PI locene 

Volcanic 

Series  (Stearns,  1946; 

basalt.  Lava  flows  and  associated  intrusive 

1.5210.6,  1.69, 

1947a) 

rocks  and  pyroclastic  deposits,  forms  most  of 

1.84*0.7, 

West  Molokai.  Maximum  exposed  thickness:  > 400 
m.  Type  locality:  West  Molokai  mountain  (Mauna 
Loa).  Locally  overlapped  by  East  Molokai 
Volcanics.  Base  not  exposed. 

1.90*0.06) 

OAHU 


Koolau  Volcano 


Honolulu  Volcanlcs  Rejuvenated-stage  lava,  ranging  from  alkallc 
basalt,  basanite,  and  nephellnlte  to  melili- 
tite.  Exposed  on  southwest  and  northeast 
flanks  of  Koolau  Range.  No  type  locality 
designated;  named  for  exposures  in  city  and 
county  of  Honolulu.  Honolulu  Volcanics  con- 
sists of  an  assenfclage  of  local  Informally 
nan«d  lava  flows,  cinder,  spatter,  and  tuff 
cones,  and  ash  deposits  (see  text  and  below; 
sequence  listed  below  from  Macdonald  and  oth- 
ers, 1983).  Uncon  formally  overlies  Koolau 
Hasalt. 


Molocene( ?)  ana 
Pleistocene 

(0.03-0.9) 

(see  text) 


Honolulu  Volcanics  (Clague  and 
Frey,  1982)  [also  Lanphere  and 
Oalrymple,  1979],  Formerly: 
Honolulu  Volcanic  Series 
(Stearns,  1935,  1939);  Honolulu 
Series  (Winchell,  1947);  Honolulu 
Group  (Hay  and  hjlma,  1968; 
Clague  and  others,  1982). 
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Unit  (this  report)  Description 


Age 


Remarks 


OAHU- -Continued 


Koolau  Volcano--Continued 


Abandoned  as  formally  named  units 
see  tent).  Formerly  all  in 
Honolulu  Volcanic  Series 
(Stearns.  1935,  1939,  1940a;  see 
also  Avlas  and  others,  1956,  for 
other  former  names): 


Hawailloa  flow  (and  associated  cone) 

Pall  Kilo  flow  (and  associated  cone?) 

Pyramid  Rock  flow 

Hoku  Hanu  tuff  cone 

Ulupau  tuff  cone  (and  flow?) 

Hokolea  flow 

Kallhl  flow  (and  associated  cone) 

Haiku  flow  (and  associated  cone) 

Rocky  Hill  flow  (and  associated  cones) 
Manoa  cinder  cone  (and  lava  flow?) 

Allamanu  flow  (and  associated  cone) 

Kaneohe  flow  (and  associated  cones) 

Luakaha  flow  (and  associated  cone) 

Hakuku  flow  (and  associated  cone) 

Pall  flow  (and  associated  cone) 

Hakawao  tuff  and  breccia  deposits 
Kaau  flows  (and  associated  tuff  and 
mudflow  deposits) 

Hauunae  flow  (and  associated  cone) 

Salt  Lake  tuff  cone 
Makalapa  tuff  cone 
Afnonl  flow  (and  associated  cone) 

Castle  flow  (and  associated  cone) 

Haunawlll  flow  (and  associated  cone) 
Training  School  flow  (and  associated  cone) 
Diamond  Head  tuff  cone 

Kalmukl  flows 
Black  Point  flow 
Kamanalkl  flows 

Punchbowl  flows  (and  associated  cone) 
Hanana  tuff  cone 
Koko  Crater  tuff  cone 
Kahauloa  flows  (and  associated  cone) 
Hanauwa  tuff  cone 

Koko  Head  flow  (and  associated  cone) 

Kalana  flow  (and  associated  cone) 
Kaohikalpu  flow  (and  associated  cone) 

Kaupo  flow  (and  associated  conelet) 

Round  Top  cinder  and  ash  deposits 
Sugarloaf  flow  (and  associated  cinder  cone 
and  ash  deposits) 

Tantalus  flow  (and  associated  cinder  cone 
and  ash  deposits) 


Hawaii loa  Volcanics 

Pyramid  Rock  Basalt 
Noku  Many  Volcanics 
Ulupau  Tuff  (also  Ulupau  Head 
Tuff);  Nokapu  Basalt  (part) 

Hokolea  [misspelled  Nokulea  by  Stearns 

(1935)]  Basalt;  Mokapu  Basalt  (part) 

Kallhl  Volcanics 

Haiku  Volcanics 

Rocky  Hill  Volcanics  (Basalt) 

AKamanu  Tuff  (Basalt) 

Kaneohe  Volcanics 

Nuuanu  Volcanics  (Basalt)  (part) 

Nuuanu  Volcanics  (Basalt)  (part) 

Pali  Volcanics 

Hakawao  Breccia 

Kaau  Volcanics  (Basalt,  Tuff) 

Mauunae  Volcanics 
Salt  Lake  Tuff 
Hakalapa  Tuff 
Ainonl  Volcanics 
Castle  Volcanics 
Haunawlll  Volcanics 
Training  School  Volcanics 
Diamond  Head  Tuff  [also  Diamond 
Head  Black  Ash;  Black  Point  Ash] 
Kalnukl  Volcanics  (Basalt) 

Black  Point  Basalt 
Kamanalkl  Basalt 
Punchbowl  Volcanics 
Hanana  Tuff 
Koko  Volcanics  (part) 

Koko  Volcanics  (part) 

Koko  Volcanics  (part) 

Kalama  Volcanics 
Kaohikalpu  Volcanics 
Kaupo  Basalt 

Sugar  Loaf  Basalt 

Tantalus  Basalt 


Koolau  Basalt 


Shield-stage  lava  of  tholelttic  basalt,  oli- 
vine tholeiltlc  basalt,  and  rare  picrltic 
tholelltlc  basalt;  near  top,  rocks  transition- 
al between  tholelltlc  and  alkaltc  basalt.  Lava 
flows  (typically  thin-bedded)  with  associated 
Intrusive  rocks  (dikes)  and  minor  pyroclastic 
and  sedimentary  deposits.  Widely  exposed  in 
Koolau  Range.  Maximum  exposed  thickness  of 
flows:  probably  > l.l)t>0  m.  No  type  locality 
designated.  Principal  reference  locality1: 
Nuuanu  Pall.  Locally  unconformably  overlies 
Ualanae  Volcanics  of  Waianae  Volcano.  Base  not 
exposed.  Includes  Kailua  Member: 


Ple1stocene(?)  Renamed  (see  text).  Formerly: 

and  Pliocene  Koolau  Basalt  (Wentworth,  192A) ; 

(l.fl-2.7)  Koolau  Volcanic  Series  (Stearns, 

1935);  Koolau  Series  (Wentworth 
and  Jones,  1940;  winchell,  1947); 
Koolau  Basalt  Series  (Wentworth 
and  Winchell,  1947);  Koolau 
Formation  (Wentworth,  1951); 
Koolau  Volcanics  (Lanphere  and 
Dalrymple,  1979). 
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Table  1.12.—  Summary  of  itratigraphiL  utiits  for  mm  southeastern  Hawaiian  Island* — Canlmucd 


Unit  (this  report) 


Description 


Age 


0AMU--Cont1nued 


Koolau  Yolcano--Continued 


Kailua  Member  Shield-stage  caldera-filling  tholeiitlc  basalt  f>leistocene(?) 
ana  olivine  tholelltlc  basalt.  Thick-bedded 
lava  flows  and  dikes  cutting  them.  Exposed 
near  town  of  Kailua.  Exposed  thickness:  —500 
a.  No  type  locality  specified.  Principal 
reference  locality*:  Kaiwa  Ridge.  Reference 
locality*:  east  side  of  Puu  Papaa.  In  fault(?) 
contact  with  Koolau  extracaldera  flows.  Base 
not  exposed. 


Reduced  In  rank  (see  text).  For- 
merly: Kailua  Volcanic  Series 
(Stearns,  1935);  Kailua  Volcanic 
Series  of  Koolau  Volcanic  Series 
[improperly]  (Macdonald  and  Davis 
in  Avlas  and  others,  1956). 


Maianae  Volcano 


Kolekole  Volcanics 

Rejuvenated-stage  alkalic  lava.  Flows  and 
corves.  Occurs  near  Kolekole  Pass  and  at  south 
end  of  Maianae  Range.  Thickness  at  type  local- 
ity: — 2 m.  Type  locality:  Kolekole  Pass.  Un- 
conformabty  overlies  flows  of  Maianae  Volcan- 
ics and  alluvium. 

Pleistocene 

Kolekole  Volcanics  (Sinton,  in 
press).  Formerly:  (partly) 
Kolekole  Volcanics  (Stearns, 
1946;  Macdonald  and  Davis  in 
Avlas  and  others,  1956). 

Maianae  Volcanics 

Postshield-stage  lava  of  hawaiite  with  rare 
alkalic  basalt  and  mugearite;  postshield- 
stage  caldera-fill Ing  lava  of  alkalic  basalt; 
shield-stage  caldera-filling  lava  of  tholei- 
itic  basalt;  shield-stage  lava  of  tholeiitlc 
basalt,  olivine  tholeiitlc  basalt,  and  pfcrlt- 
1c  tholeiitlc  basalt.  Flows  and  associated 
Intrusive,  pyroclastic,  and  sedimentary  rocks. 
Exposed  over  most  of  Maianae  Range.  Base  not 
exposed.  Divided  into  Palehua  (youngest), 
Karraileunu,  and  lualualei  (oldest)  Members. 

PI locene 

Maianae  Volcanics  (Sinton,  in 
press)  (see  text).  Formerly: 
Maianae  Volcanic  Series  (part) 
(Stearns,  1935);  Maianae  Vol- 
canic Series  (Stearns,  1946). 

Palehua  Member 

Postshield-stage  lava  of  hawaiite  with  minor 
alkalic  basalt  and  mugearite.  Flows  and  asso- 
ciated pyroclastic  deposits.  Occurs  at  higher 
elevations  throughout  Maianae  Range.  Maximum 
exposed  thickness:  > 300  m.  Type  locality: 
near  Palehua.  Conformably,  locally  unconfor- 
mahly,  overlies  Kamalleunu  Member. 

PI iocene 
(2.5-3.?) 

Palehua  Member  of  Maianae  Vol- 
canic! (Sinton,  In  press).  For- 
merly: upper  neaber  (part)  Of 
Maianae  Volcanic  Series  (Stearns, 
1935);  upper  member  of  Maianae 
Volcanic  Series  (Steams,  1946). 

Kamalleunu  Member 

Postshfeld-stage  caldera-fill  fng  lava  of  al- 
kalic basalt,  hawaiite,  and  rare  ankaranite, 
grading  down  into  shield-stage  caldera-filling 
lava  of  tholeiitlc  basalt  and  rare  icelandlte. 
Thick  flows  and  associated  rocks.  Mel  1 exposed 
in  ridges  bounding  Maianae,  lualualei,  and 
Nakaha  Valleys.  Maximum  exposed  thickness: 

* 600  m.  Type  locality:  Kamaileunu  Ridge. 
Reference  localities:  near  Puu  Heleakala  and 
Pohakea  Pass.  Conformably,  locally  unconform- 
ably,  overlies  Lualualei  Member.  Includes 
formally  named  Mauna  Kuwale  Rhyodaclte  Flow: 

Pliocene 

(3.A-3.5) 

Kamalleunu  Member  of  Maianae  Vol- 
canics (Sinton.  in  press).  For- 
merly; lower  member  (part)  and 
middle  member  (part)  of  Maianae 
Volcanic  Series  (Stearns,  1935). 

Mauna  Kuwale 

Rhyodadte 

Flow 

Rhyodadte.  Exposed  on  Mauna  Kuwale  and 
Kauaopuu  ridges.  Exposed  thickness:  —135  m. 
Type  locality:  Mauna  Kuwale.  Underlies  hawai- 
Ite  and  overlies  Icelandlte  of  Kamalleunu 

Member. 

Pliocene 
(see  text) 

Mauna  Kuwale  Rhyodadte  Flow  of 
Kamaileunu  Member  (Sinton,  in 
press).  Formerly:  part  of  lower 
rrenber  of  Maianae  Volcanic  Series 
(Steams,  1935);  part  of  upper 
r-eft-ber  of  Maianae  Volcanic  Series 
(Steams,  1940a),  Mauna  Kuwale 
Trachyte  'McOougall,  1963.  1964); 
Mauna  Kuwale  Rhyodadte  of  upper 
Maianae  Volcanic  Series  (Funk* 
houser  and  others,  1968). 

Lualualei  Member 

Shield-stage  lava  of  tholeiitlc  basalt,  oli- 
vine tholeiitic  basalt,  and  picritic  tholei- 
itlc basalt.  Thin-bedded  flews  and  associated 
rocks.  Occurs  oainly  in  lualualei  Valley. 
Exposed  thickness:  > 450  m.  Type  locality: 

Puu  Heleakala.  Base  not  exposed. 

PI iocene 
(3. 0-3.9) 

lualualei  Member  of  Maianae 
Volcanics  (Sinton,  in  press). 
Formerly:  lower  member  (part)  and 
middle  member  (part)  of  Maianae 
Volcanic  Series  (Stearns,  1935). 
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TABLE  1.12.  — Summary  of  itratigraphk  unit*  /or  main  toathcaikm  //emotion  I slunk — Continued 


Unit  (this  report) 


Description 


Age 


Remarks 


KAUAI 


Kauai  Volcano 


Koloa  Volcanlcs 

Rejuvenated-stage  lava  of  alkallc  basalt, 
basanite,  nepheliMte,  and  melllltlte.  Lava 
flows  and  associated  pyroclastic  deposits. 
Widely  exposed  over  eastern  two-thirds  of 
Island.  Maximum  exposed  thickness:  ~650  w. 
Type  locality:  vicinity  of  town  of  Koloa. 
Unconformably  overlies  Walmea  Canyon  Basalt. 
Locally  Includes  Pallkea  Breccia  Member,  which 
underlies  and  is  intercalated  with  Koloa  lava 
flows. 

Pleistocene  and 
Pliocene 

(0.62 , 1.21,  1.46, 
2.01.  2.59) 

(see  text) 

Koloa  Volcanics  (Clague  and 
others,  1982}  (see  text).  Former- 
ly: Koloa  Series  (Hinds,  1930); 
Koloa  Volcanic  Series  (Stearns, 
1946;  Macdonald,  1949;  Macdonald 
and  others,  1954,  1960;  Macdonald 
and  Davis  In  Avias  and  others, 
1956) . 

Pel tke«  Breccia 
Member 

Breccia  and  lesser  conglomerate.  Exposed  In 
narrow  bands  over  eastern  two-thirds  of  Is- 
land. Maximum  exposed  thickness:  —215  m. 
Type  locality:  Pallkea  ridge,  about  5 km 
southeast  of  Kawaiklnl  peak. 

Pleistocene(?) 
and  P11ocene(?) 

Reduced  in  rank  and  renamed  (see 
text).  Formerly:  Pallkea  Forma- 
tion of  Koloa  Volcanic  Series 
Macdonald  and  others,  1954,  I960; 
Davis  and  Macdonald  In  Avias  and 
others,  1956). 

Balnea  Canyon  Basalt 

Shield-stage  lava  of  tholeiitlc  basalt,  oli- 
vine tholelltic  basalt,  and  plcrltlc  tholei- 
itlc basalt;  rare  postshield-stage  hawailte 
near  top.  lava  flows  and  minor  pyroclastic 
deposits.  Widely  exposed.  Total  exposed  thick- 
ness: — 800  ™.  Type  locality:  walls  of  Uaimea 
Canyon.  Divided  into  Makaweli,  Olokele,  Haupu, 
and  Napali  Members. 

Pliocene  and 
Miocene(?) 
(3,6-5. 1) 

Reduced  In  rank  and  renamed  (see 
text).  Formerly:  Kauai  Lavas 
(Hinds,  1930);  Walmea  Volcanic 
Series  (Stearns,  1946);  Waimea 
Canyon  Volcanic  Series 
{Macdonald,  1949;  Macdonald  and 
others,  1954,  1960;  Davis  and 
Macdonald  In  Avias  and  others, 
1956;  Stearns,  1967). 

Makaweli  Member 

Shield-stage  caldera-filling  lava  of  tholel- 
ltic basalt,  olivine  tholelltic  basalt,  and 
picrltlc  tholelltic  basalt;  postshield-stage 
hawailte  flow  near  top  of  unit.  Represents 
south  flank  graben.  Predoml nantly  thick-bedded 
flows.  Exposed  in  southwestern  part  of  Island. 
Maximum  exposed  thickness:  — 45u  m.  Type 
locality1:  West  wall  of  Makaweli  River  canyon. 
Reference  locality1:  east  wall  of  lower  Waimea 
Canyon.  Includes  Mokuone  Breccia  Beds  at  base 
of  and  intercalated  with  flows.  In  fault  con- 
tact with  Olokele  and  Napali  Members. 

Pliocene 

(3.6n-4.15) 

Reduced  In  rank  (see  text). 
Formerly:  Makaweli  Formation  of 
waimea  Canyon  volcanic  Series 
(Macdonald  and  others,  1954, 
I960;  Davis  and  Macdonald  In 
Avias  and  others,  1956). 

Mokuone 
Breccia  Beds 

Breccia  with  lesser  conglomerate.  Exposed  in 
narrow  bands  In  southwestern  part  of  island. 
Maximum  exposed  thickness:  —300  m.  Type 
locality:  walls  of  Mokuone  Valley,  west  of 
Kahililoa. 

Pliocene 

Reduced  in  rank  and  renamed  (see 
text).  Formerly:  Mokuone  Forma- 
tion (Macdonald  and  others, 

1954);  Mokuone  Member  of  Makaweli 
Formation  (Oavls  and  Macdonald  in 
Avias  and  others,  1956;  Macdonald 
and  others,  196b). 

Olokele  Member 

Shield-stage  caldera-f il ling  lava  of  tholei- 
itic  basalt,  olivine  tholelltic  basalt,  and 
picrltic  tholeiitlc  basalt;  postshield-stage 
hawaiite  flow  near  top.  Represents  large  sum- 
mit caldera.  Thick-bedded  flows  and  associated 
pyroclastic  deposits.  Exposed  In  central  part 
of  Island.  Maximum  exposed  thickness:  —BOO  m. 
Type  locality1:  walls  of  uppe'’  Olokele  Canyon. 
Reference  localities1:  walls  of  Poo«aa.  Koaie, 
and  Waialae  Streams.  In  fault  contact  with 
Maxawell  and  Napali  Menders. 

Pliocene 

Reduced  in  rank  (see  text). 
Formerly:  Olokele  Formation  of 
Waimea  Canyon  Volcanic  Series 
(Macdonald  and  others,  1954, 
I960;  Oavls  and  Macdonald  in 
Avias  and  others.  1956). 

Haupu  Member 

Shield-stage  caldera-filling  lava  of  tholel- 
ltic basalt,  olivine  tnolelitic  basalt,  and 
plcrltlc  tholelltic  basalt.  Represents  south- 
east flank  caldera.  Thick-bedded  flows  exposed 
on  Haupu  ridge.  Maximum  exposed  thickness:  ~ 
500  m.  Type  locality:  south  side  of  Haupu 
ridge.  Separated  from  Napali  Member  by  burled 
caldera  faults!?). 

Pliocene 

Reduced  in  rank  (see  text) 
Formerly:  Haupu  Volcanic  Series 
(part)  (Stearns,  19461;  Haupu 
Formation  ot  Wainea  Canyon 
Volcanic  Series  (Macdonald  and 
others,  1954,  I9bn). 
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TaBI-F.  1.12. — .Summary  of  itrabgraplnc  tin its  far  main  iovihcaikm  HiKMian  Island* — Conlinued 


Unit  (this  report) 

Description 

Age 

Remarks 

kAUA I - - Co  n 1 1 n u ed 

Kauai  Volcano--Continued 

Napali  Member 

Shield-stage  lava  of  tnolelitlc  basalt,  oil- 
vine  tholelltic  basalt,  and  picritic  tholel- 
itic  basalt.  Mostly  thin-bedded  flows  and 
associated  pyroclastic  deposits.  Widely 
exposed.  Maximum  exposed  thickness:  —BOO  n. 
Type  locality  : west  wait  of  Waimea  Canyon. 
Reference  locality  : northwest  coast  of  island 
(Napali  coast).  Base  not  exposed. 

Pliocene  and 
Miocene(?) 
{4. 3-5.1) 

Reduced  in  rank  (see  text). 
Formerly:  Napali  Formation  of 
Uaimea  Canyon  Volcanic  Series 
(Macdonald  and  others.  1954, 
1960). 

MlHAlf 

Nilhau  Volcano 

tickle  Basalt 

Rejuvenated- stage  lava  of  alkalic  basalt. 

Lava  flows  and  pyroclastic  deposits.  Forms 
low  coastal  plain.  Maximum  exposed  thickness: 
— 90  m.  Type  locality:  town  or  Kiekie.  Uncon- 
formably  overlies  Panlau  Basalt. 

Pleistocene 
and  Pliocene 
(see  text) 

Renamed.  Formerly:  Kiekie 
Volcanic  Series  (Stearns,  1946, 
1947b);  kiekie  Volcanics  (Clague 
and  others,  1982). 

Panlau  Basalt 

Shield-stage  lava  of  tholelltic  basalt,  oli- 
vine tholelltic  basalt,  and  rare  postshield- 
stage  alkalic  basalt.  Lava  flows  and  associ- 
ated intrusive  rocks,  minor  ash.  Single  post- 
caldera stage  alkalic  vent  at  kaeo.  Comprises 
central  highlands  of  Island.  Maximum  exposed 
thickness:  — 350  m.  Type  locality:  east  side 
of  Paniau  hill.  Base  not  exposed. 

Pliocene  and 
Miocene 
(see  text) 

Renamed.  Formerly:  Paniau 
Volcanic  Series  (Stearns, 
1946,  1947b). 

lHere  designated. 


Addendum 

Some  units  on  the  Islands  of  Hawaii,  Maui,  and  Oahu  listed  in  table  1.12 
and  discussed  in  the  text  were  also  formerly  called  "Formations"  as  follows 
(listed  in  alphabetical  order):  Hana  Formation  (East  Maui  Volcano,  Maui); 
Hawi  Formation  (Kohala  Volcano,  Hawaii);  Honolua  Formation  (West  Maui  Volcano, 
Maui);  Honolulu  Formation  (Koolau  Volcano,  Oahu);  Honomanu  Formation  (East 
Maui  Volcano,  Maui);  Hualalai  Formation  (Hualalai  Volcano,  Hawaii);  Kahuku 
Formation  (Mauna  Loa  Volcano,  Hawaii);  Kau  Formation  (Mauna  Loa  Volcano, 
Hawaii);  Kolekole  Formation  (Waianae  Volcano,  Oahu);  Koolau  Formation  (Koolau 
Volcano,  Oahu);  Kula  Formation  (East  Maui  Volcano,  Maui);  Lahaina  Formation 
(West  Maui  Volcano,  Maui);  Ninole  Formation  (Mauna  Loa  Volcano,  Hawaii); 
Pololu  Formation  (Kohala  Volcano,  Hawaii);  Waawaa  Formation  (Hualalai  Volcano, 
Hawaii);  Waianae  Formation  (Waianae  Volcano,  Oahu);  and  Wailuku  Formation 
(West  Maui  Volcano,  Maui).  See  Easton,  K.M.,  and  Gaiswink ler-Easton,  M., 
1983,  A guide  to  the  Aeolo&y  of  the  Hawaiian  Is  lands  — Hawaii  i , Maui,  and 
Oahu:  Joint  Annual  Meeting  of  the  Geological  Association  of  Canada, 
Minera logics l Association  of  Canada,  and  Canadian  Geophysical  Union,  Field 
Guidebook,  v.  2,  p.  1-91. 
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SUBSIDENCE  OF  THE  HAWAIIAN  RIDGE 

By  James  G.  Moore 


ABSTRACT 

The  great  load  placed  on  tbe  ocean  floor  by  the  Hawaiian 
volcanoes,  combined  with  the  removal  of  magma  from  depth  to 
build  the  volcanoes,  has  caused  the  lithosphere  to  sag  and  the 
Hawaiian  Ridge  to  subside.  Constraints  on  the  amount  and  age 
of  subsidence  have  been  derived  from  tide  gauge  measure- 
ments, geophysical  measurements,  and  studies  of  submarine 
canyons,  submerged  carbonate  reefs,  drill  holes,  and  dredge 
hauls.  Most  of  the  volcanoes  have  subsided  2—4  km  since 
reaching  the  sea  surface,  and  the  bases  of  the  volcanoes  have 
subsided  5—8  km.  The  bulk  of  subsidence  is  complete  about  1 
m.y.  after  initiation  of  volcanism  on  the  sea  floor,  and  about  one- 
half  of  the  upbuilding  of  the  volcanoes  is  reduced  by  subsi- 
dence. A substantial  but  unknown  part  of  volcanic  growth 
results  from  intrusion  of  dikes  and  sills  into  the  volcanic  edifice, 
and  hence  the  subsidence  of  different  parts  of  the  volcanoes 
varies. 

Major  sea-level  terraces  form  while  the  volcanoes  are 
actively  growing  above  sea  level.  As  the  site  of  volcanism  and 
subsidence  migrates  toward  the  southeast,  these  terraces 
become  tilted  toward  the  point  of  active  volcanic  loading.  This 
tilting  makes  it  difficult  to  correlate  terraces  from  volcano  to 
volcano  along  the  Hawaiian  Ridge  by  use  of  depth  alone. 

The  young  volcanoes  at  the  southeast  end  of  the  Hawaiian 
Ridge  have  not  yet  completed  their  growth  and  subsidence. 
Hence  volcsutic  ages  derived  from  them  provide  estimates  of 
volcanic  propagation  rates  that  are  too  high.  Likewise,  volumes 
measured  for  the  volcanoes  only  above  the  level  of  the  ocean 
floor  indicate  eruption  rates  for  the  older,  subsided  volcanoes 
that  are  too  low.  These  factors  raise  doubts  about  inferred 
increases  in  volcanic  propagation  rates  and  eruption  rates  dur- 
ing the  last  few  million  years. 

Volcanic  centers  on  the  Hawaiian  Ridge  are  commonly 
aligned  along  two  or  more  curved  loci  roughly  parallel  to  the 
ridge  and  approximately  40  km  apart.  These  loci  may  mark  the 
edges  of  downbending  of  the  two  sides  of  the  lithospheric 
subsidence  trough,  where  fracturing  conducts  magma  to  the 
surface.  The  curved  map  trends  along  the  loci  may  be  the  result 
of  interference  in  these  subsidence- induced  fractures  by  major 
pre-Hawaiian  seamounts  rafted  into  the  area  of  active  vol- 
canism. 

Some  of  the  intense  seismic  activity  concentrated  at  the 
southeastern  end  of  the  Hawaiian  Ridge  may  result  from  bend- 
ing and  dislocation  of  the  volcanic  pile  as  its  southeastern  part 
subsides  more  rapidly  than  the  part  adjacent  on  the  northwest. 


INTRODUCTION 

The  Hawaiian  Ridge  is  formed  by  the  most  vigorous  volcanic 
center  on  Earth  and  consequently  is  one  of  the  youngest,  highest, 
and  steepest  topographic  features  on  the  planet.  Northwestward 


movement  of  the  Pacific  plate  relative  to  the  mantle  hot  spot  that 
produces  the  volcanic  center  carries  the  volcanic  products  away  at  a 
rale  of  about  10  cm/yr,  thus  forming  the  ridge.  The  combination  of 
the  weight  of  erupted  material  and  the  removal  of  material  from 
depth  to  feed  the  volcanoes  causes  the  lithosphere  to  flex  downward 
and  the  volcanic  islands  to  subside.  Subsidence  is  also  partly  caused 
by  cooling  and  contraction  of  the  lithosphere  as  it  moves  away  from 
the  mantle  hot  spot. 

The  subsiding  ridge  has  depressed  the  adjacent  ocean  floor 
more  than  one  hundred  kilometers  away  from  the  ndgc  axis.  The 
volcanic  products  of  the  ridge  fill  the  inner  part  of  this  depression, 
but  the  outer  part  remains  a moat-like  depression  called  the 
Hawaiian  Deep.  The  axis  of  this  deep  parallels  the  ridge  on  each 
side  and  forms  an  arc  around  the  southeast  end  of  the  ndge  with  a 
radius  of  about  140  km  (fig.  2. 1 X The  center  of  curvature  falls  on 
the  island  of  Hawaii  between  the  summits  of  Mauna  Loa  and 
Mauna  Kea  Volcanoes. 

Outside  of  the  Hawaiian  Deep  is  a broad  low  upbowing  of  the 
ocean  floor  called  the  Hawaiian  Arch.  The  arch  probably  formed 
mainly  because  mantle  material  squeezed  out  from  beneath  the 
sinking  ridge  and  buoyed  up  the  fairly  rigid  bend  beyond  the  deep, 
but  also  perhaps  partly  through  heating  and  uplift  of  mantle  rocks  as 
they  encountered  the  Hawaiian  hot  spot. 

Hie  Hawaiian  Ridge  extends  from  its  active  southeast  end  at 
Kilauea,  Mauna  Loa,  and  Loihi  Volcanoes  nearly  3,300  km 
northwest  across  the  central  Pacific  to  the  bend  where  the  Emperor 
Seamounts  begin.  From  this  bend  the  seamount  chain  continues 
north  for  another  2,500  km  to  its  end  near  the  Aleutian  Trench. 
The  ages  of  volcanoes  increase  systematically  from  Kilauea  toward 
the  northwest;  the  age  is  about  43  Ma  at  the  Hawaiian- Emperor 
bend  and  about  70  Ma  at  the  north  end  of  the  Emperor  Seamounts 
(Clague  and  Dalrymple,  chapter  I).  Across  this  same  span  of 
distance  the  volcano  peaks  become  systematically  lower  in  elevation 
(fig.  2.2):  the  highest  at  the  young  southeast  end  are  more  than  4 km 
above  sea  level;  a large  group  located  1.000-3,000  km  northwest 
are  close  to  sea  level;  and  the  northern  Emperor  Seamounts  are 
commonly  about  3 km  deep.  Although  the  shape  and  height  of  the 
volcanoes  have  been  modified  by  erosion  and  by  growth  of  carbonate 
reefs,  these  elevation  differences  result  mainly  from  subsidence. 
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FIGURE  2- 1 . — Map  cf  icttlbciutrm  put  of  ike  Hawaiian  Ridgr  showing  «ii  of  ihr  Hawaiian  (dashed  Ime)  and  fcetioa  lines  o f hguie  2, 6.  Depth  contours  in 

IcilanadcTi. 


colleagues  who  have  guided  me  through  the  intricacies  and  excite- 
ment of  Hawaiian  geology.  The  earliest  and  most  effective  of  these 
were  Donald  Richter,  Jerry  Eaton,  and  Chester  Wentworth. 

TIDE  GAUGE  MEASUREMENTS 

An  analysis  of  tide-gauge  data  indicated  that  Honolulu  on 
Oahu  is  approximately  stable,  because  sea  level  at  Honolulu  is  rising 
at  a rate  similar  to  that  reported  by  many  other  stations  that 
apparently  reflect  the  worldwide  eustatic  rise  (Moore,  I970)l  A 
reanalysis  of  Honolulu  tidal  data  for  the  period  1935-83  indicates 
that  sea  level  is  rising  there  at  a rale  of  1.2  mm/yr.  The  close 
comparison  of  this  rate  with  a recent  estimate  of  global  sea  level 
increase  of  1.5  mm/yr  (Barnett,  1983)  supports  the  notion  that 
Honolulu  is  practically  stable. 


Some  of  the  scatter  inherent  in  tidal  observations  can  be 
eliminated  by  comparing  tide  levels  at  other  Hawaiian  stations  with 
those  at  the  apparently  stable  Honolulu.  Factors  such  as  eustatic 
sea-level  rise,  barometric  pressure,  and  sea  temperature  affect  both 
, Honolulu  and  other  neighboring  stations  in  the  same  way  and  hence 
I are  eliminated  by  using  the  differences  in  annual  mean  water  levels 
| for  Honolulu  and  the  neighboring  stations.  Such  an  analysis  of 
measurements  through  1967  indicated  that  sea  level  was  rising  at 
Hilo,  Hawaii,  at  4.1  mm/yr  and  at  Kahului,  Maui,  at  1.7  mm/yr 
relative  to  the  assumed  stable  Honolulu  (Moore,  1 970).  Hence 
Hawaii  and  Maui  were  presumed  to  be  undergoing  absolute  subsi- 
dence at  those  rates. 

However,  precise  determination  of  sea  level  trends  requires  a 
long  period  of  measurement-  The  1 6 years  of  record  for  Kahului  and 
the  21  years  for  Hilo  utilized  for  the  previous  estimates  were 
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FiCURE  2.2. — Elevation  and  depth  of  volcanic  features  of  the  Hawaiian  Ridge- Emperor  Seamounts  area.  Triangle*,  tops  of  individual  volcanoes;  circles,  depths  of 
prominent  terraces  believed  to  have  formed  at  sea  level,  squares,  depth  of  penetration  of  drill  holes  on  seamounts  that  encountered  only  subamally  erupted  lava. 


minimal.  A reanalysis  using  the  17  additional  years  of  measurements  Linear  regression  fits  of  this  data  indicate  that  Hilo  is  subsiding 

since  1967  provide  a better  data  base  for  estimation  of  longer  term  relative  to  Honolulu  (assumed  stable)  at  2.4  mm'yr  and  Kahului  at 

trends  ui  subsidence  rates  (fig.  2.3)l  0.3  mm’yr.  The  reason  for  the  differences  between  the  older 

The  primary  measurement  used  is  the  annual  mean  of  sea  level  estimates  and  these  revised  estimates  is  clear  from  the  plot  of  annual 

at  the  various  stations  as  reported  by  the  U.S.  National  Ocean  means  of  sea  level  (fig.  2.3).  The  trend  through  l%7  was  steeper 

Survey.  This  annual  mean  is  the  stand  of  sea  level  relative  to  a fixed  than  the  longer  trend  through  1984.  This  change  affects  both  the 

datum  measured  every  hour  and  averaged  for  one  year.  The  trends  Kahului  and  Hilo  stations,  but  is  not  a worldwide  effect  because  the 

of  differences  of  the  annual  mean  of  Hilo  minus  Honolulu  and  of  Honolulu  means  have  been  subtracted  from  the  plotted  data.  The 

Kahului  minus  Honolulu  have  been  determined  through  1983.  reason  for  this  change  in  slope  is  unknown;  it  may  reflect  regional 
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FlOURE  2.3. — DifffffiK«  in  nraiual  m»m  ol  m Irvd  through  1963.  Dots.  me*m 
at  Hilo.  Hawaii,  muvus  meant  at  Honohiki.  Oahu;  squares,  means  at  Kahuhu, 
Maui,  minut  means  at  Honolulu,  Oahu.  Open  triangle,  limit  of  data  < l%7)  for 
analysis  of  Moore  (1970> 


variations  in  atmospheric  or  marine  conditions  on  sea  level  or  a real 
pulsation  in  subsidence  rates. 

In  evaluating  the  subsidence  of  coastal  stations  such  as  Kahului 
and  Hilo,  the  location  of  these  stations  relative  to  the  deep  subsiding 
trough  underlying  the  Hawaiian  Ridge  must  be  considered  (fig. 
2.4).  Subsidence  varies  between  different  locations  on  the  island  of 
Hawaii  and  probably  reaches  a maximum  near  the  island  center, 
where  the  base  of  the  crust  is  depressed  about  three  times  as  much  as 
it  is  at  Hilo  on  the  coast.  The  surface  subsidence  at  the  island  center 
may  not  actually  be  three  tunes  greater  than  it  is  at  Hilo,  however, 
because  other  processes  taking  place  between  the  surface  and  the 
base  of  the  crust,  such  as  intrusion  and  variations  in  magma  storage 
within  shallow  magma  chambers,  may  affect  surface  subsidence. 

DRILLING  AND  DREDGING 

Many  boles  have  been  drilled  on  the  Hawaiian  Islands  prin 
cipally  for  the  purpose  of  developing  fresh  water  supplies.  Most  of 
these  holes  penetrate  only  a short  distance  below  sea  level,  but  a few 
deep  research  holes  have  been  particularly  valuable  in  providing 
information  on  the  history  of  subsidence  as  well  as  on  variations  in 
sea  level  caused  by  other  factors. 

A hole  drilled  on  the  Ewa  coastal  plain,  Oahu,  reached  a 1 
depth  of  337  m and  bottomed  in  red  clinker  and  weathered  vesicular 
subaeriaJ  basalt  of  the  Koolau  Volcano.  The  hole  records  a long 
period  of  subsidence  and  deposition  of  shallow*  marine  and  lagoonal 


muds,  marsh  deposits  (lignite),  and  coral  reefs,  with  intermittent 
periods  of  erosion  and  weathering  (Steams  and  Chamberlain, 

I967X 

Two  holes  were  drilled  on  Midway  Atoll  in  1965.  The  deeper 
one  penetrated  limestone  reef  material  until  it  encountered  weathered 
basalt,  overlain  by  basaltic  conglomerate,  at  a depth  of  364  m.  The 
hole  then  went  through  a series  of  basaltic  lava  flows  to  the  bottom  at 
504  m below  sea  level.  The  high  vesicularity  of  these  lavas  (fig.  2. 5) 
indicates  that  all  were  erupted  subaenally. 

A geothermal  lest  well  was  drilled  at  an  elevation  of  1 82  m on 
the  east  rift  zone  of  Kilauea  Volcano  in  early  1976.  Thu  hole  was 
1,962  m deep  and  bottomed  1,780  m below  sea  level.  The  drill 
cuttings  reveal  the  first  appearance  of  pillow-like  glass  at  346  m 
below  sea  level,  and  the  apparent  transition  zone  between  sub- 
aerialiy  erupted  and  subaqueously  erupted  basalt  is  placed  between 
275  and  382  m below  sea  level  (Stone.  19773  We  will  assume  the 
change  to  be  at  348  m.  The  age  of  the  lavas  encountered  in  the  hole 
is  not  known,  but  it  is  evident  that  since  the  time  the  drill-hole  region 
was  at  sea  level,  1 82  -4-  348  — 530  m has  been  added  to  the  upper 
surface  of  Kilauea  Volcano.  If  the  sea-level  stand  were  the  same  then 
as  now,  the  volcano  has  subsided  348  m.  However,  sea  level  may 
have  been  as  much  as  100  m below  its  present  stand,  in  which  case 
the  volcano  may  have  subsided  only  248  m.  One-half  to  tw*o-thirds 
of  the  volcanic  buildup  of  this  part  of  the  volcano  has  therefore  been 
lost  by  subsidence.  This  ratio  is  similar  to  that  for  the  southeastern 
Hawaiian  Ridge  as  a whole.  It  now  stands  5-6  km  above  the  old 
ocean  floor,  which  is  depressed  5-8  km  below  the  ridge  axis  (fig. 
2.63  Hence  about  one-half  of  the  buildup  of  the  ridge  has  been  lost 
by  subsidence. 

During  Leg  55  of  tbe  Deep  Sea  Drilling  Protect  (DSDP3 
holes  were  drilled  on  tbe  tops  of  four  seamounts  of  tbe  Emperor 
chain  (Jackson,  Koisumi,  and  others,  19803  All  of  the  core  material 
recovered  from  these  holes  indicates  that  tbe  lava  flows  were  erupted 
subaerially  and  that  the  sediments  are  of  shallow- water  origin. 
Evidence  for  the  subamal  nature  of  the  lava  flows  is  the  presence  of 
coarsely  vesicular  Aow  tops,  red  oxidized  flow  tops  and  bases, 
inter  bedded  red  tropical  soils,  and  absence  of  pillow  lavas;  the 
sediments  above  the  basalts  contain  shallow  reef  and  littoral  organ- 
isms and  structures. 

Because  the  water  depth  was  great  where  these  DSDP  holes 
were  started,  they  provide  information  on  subsidence  that  is  deeper 
than  holes  drilled  on  land  (fig.  2.23  Hole  430  on  Ojin  Seamount 
(lat  37°59'  N.)  reached  1,566  m below  sea  level  and  bottomed  in 
material  of  subaerial  origin.  Hole  432  on  Nintoku  Seamount  (lat 
4I°20‘  N.)  reached  1,327  m below  sea  level  in  lava  flows  with  red 
oxidized  tops  interbedded  with  red  tropical  soil.  Hole  433  on  Suiko 
Seamount  (lat  44°30'  N.)  reached  2,422  m below  sea  level  and 
penetrated  a considerable  thickness  of  reef  limestone  overlying 
subaerially  erupted  basalt.  Tbe  Emperor  DSDP  holes  document 
minimum  subsidence  of  nearly  2.5  km  after  the  volcanoes  reached 
sea  level  and  produced  subaerially  erupted  lava. 

IXredging  of  tbe  submarine  flanks  of  the  Hawaiian  volcanoes 
can  also  provide  information  on  the  amount  of  subsidence,  hour 
dredge  hauls  from  the  submarine  east  rift  zone  of  Mauna  Kea 
Volcano  recovered  lavas  that  are  much  more  vesicular  than  similar 
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FiCUKfc.  2.5. — Vemulanly  of  lava  tomplr*  from  l%5  drillhole  on  Midway  I4and 
Open  circle*,  volume  percent  of  all  vesicle*;  dolt,  vetkimr  percent  of  unfilled.  open 
vesicles 


lavas  collected  from  the  same  depth  on  the  currently  active  rift  zones 
of  Kilauea  and  Maun  a Loa  Volcanoes.  Comparison  of  vesicularity 
indicates  that  Mauna  Kea  has  subsided  about  1,000  m since 
extrusion  of  these  lavas  (Moore  and  Peck,  1965X 

On  the  northwest  rift  of  Hualalai  Volcano,  sulfur-poor 
degassed  lavas  have  been  dredged  from  depths  down  to  1,750  m. 
The  low  sulfur  content  of  these  lavas  indicates  that  they  were  erupted 
under  subaenal  conditions  and  therefore  that  the  volcano  has 
subsided  more  than  1.7  km  since  their  eruption  (D.A.  Clague, 
written  commun, , 1985). 

ZONE  OF  ONGOING  SUBSIDENCE 

The  southeast  end  of  the  Hawaiian  Ridge,  including  the  Island 
of  Hawaii,  is  currently  undergoing  the  most  rapid  subsidence.  Tide 
gauge  measurements  indicate  that  Hilo  has  subsided  at  a rate  of  2.4 
mm/yr  during  the  last  36  years.  An  analysis  of  the  depth  of  reefs  off 
the  northwest  coast  in  comparison  with  eustatic  sea-level  curves 
indicates  that  subsidence  there  has  ranged  from  1 .8  to  more  than  3 
mm/yr  and  has  increased  over  the  last  0.3  m.y.  (Moore  and 
Fomari,  1984).  A study  of  submerged  Hawaiian  artifacts  carved  in 
lava  flows  indicates  that  Honaunau  on  the  Kona  coast  of  Hawaii  is 
submerging  at  about  3 mm/yr  (Apple  and  Macdonald,  I966X 
Photographs  of  the  Kealakekua  Bay  region  of  west  Hawaii  taken  in 
1929  show  a distinct  sea-level  algae  line  which  is  now  18.5  cm  lower 
than  the  present-day  line  of  the  same  character  at  the  same  place, 
indicating  a submergence  rate  of  3.4  mm/yr  (Moore  and  Fomari. 
1984X  Assuming  that  the  current  rise  of  sea  level  is  1 .5  mm/yr,  then 
these  submergence  rates  translate  to  subsidence  rates  of  1 . 5 mm/yr 
for  Honaunau  and  1 .9  mm/yr  for  Kealakekua  Bay. 

A growing  body  of  data  indicates  that  in  addition  to  the 
general  long-term  subsidence,  parts  of  the  ridge  are  subject  to 
landsliding  and  other  forms  of  rapid  subsidence.  Such  processes  are 
an  effective  means  of  moving  material  to  a lower  elevation  and  of 
reducing  the  slope  of  the  Hawaiian  Ridge.  During  the  November 
1975  magnitude  7.2  earthquake,  a 25-lun-long  zone  along  the 
southeast  coast  of  Hawaii  subsided  as  much  as  3.5  m (Tilling  and 
others,  I976X  Such  processes  can  be  an  efficient  way  of  accom- 
modating the  rapid  and  dramatic  subsidence  that  must  be  occurring 
on  the  southeast  end  of  the  ridge  (fig.  2.6X 

The  Kalaupapa  Peninsula  on  the  north  coast  of  Molokai  is  the 
exposed  part  of  a small  shield  volcano  that  initially  erupted  below 
sea  level,  at  the  base  of  the  giant  northern  sea  cliff  of  the  island.  Tbe 
vent  in  the  center  of  the  present  peninsula  erupted  lava  that  covers  a 
total  area  of  about  20  km-*,  half  of  which  is  now  above  sea  level. 
Radiometric  dating  indicates  that  this  activity  occurred  at 
0.34-0.57  Ma  (Clague  and  others,  I982X  Available  bathymetry 
(Mathewson.  1970)  demonstrates  that  the  submarine  part  of  the 
shield  has  a markedly  steeper  slope  below  a depth  of  about  50  m 
(fig.  2.7X  This  slope  break  apparently  marks  the  level  of  the  sea  at 
the  time  of  volcanism  (Mark  and  Moore,  chapter  3X  Therefore  sea 
level  is  presently  50  m above  its  level  during  Kalaupapa  volcanism. 
Sea  Icvd  now  stands  relatively  high  compared  to  much  of  the 
Pleistocene  when  it  probably  averaged  about  50  m below  the 
present  level.  If  we  assume  that  sea  level  was  at  its  present  level 


Digitized  by  Google 


2.  SUBSIDENCE  OF  THE  HAWAIIAN  RIDGE  91 

Kauai  Oahu  Maui  Hawau 

B’B  C-C 


0 100  200  KlOMfTSRS 


Figure  2.6. — Diagrammatic  sections  of  the  Hawaiian  Ridge  based  primarily  on  setsmic  refraction  and  gravity  measurements  (Zucca  and  others.  1962).  Location  of 
sections  shown  « figure  2.1:  A- A',  curved  longitudinal  crustal  section  along  the  length  of  the  ridge;  B-B' , transverse  section  through  Haleakala  Volcano  oo  Maui; 
C-C*.  transverse  section  through  Loth  Volcano  south  of  Hawaii.  Radiometric  ages  of  volcanic  rock  senes  in  Ma  (Clague  and  Dalrymple,  chapter  I ) are  thuwn  above 
section  A-A'.  Heavy  dashed  lines,  isochrons  of  volcanic  products  in  Ma  (note  that  the  zero  isochron  is  the  present  southeastern  dope  of  the  ridge);  dashed  line, 
boundary  between  subamally  and  subaqueously  erupted  lava;  dash-dot  line,  boundary  between  tholeirtk  basalt  above  and  early  alkalic  basalt  below.  D.  axis  of 
Hawaiian  Deep.  Vertical  exaggeration,  x 4.  Magma  chambers  and  volcanic"  conduits  are  omitted  for  clarity,  but  position  of  mantle  hot-spot  area  shown  by  arrows  in 

A-A'. 


during  growth  of  the  Kalaupapa  shield,  then  subsidence  occurred  at 
the  low  rate  of  about  0. 1 mm/yr.  If  sea  level  was  below  its  present 
level,  as  it  was  during  much  of  the  Pleistocene,  then  subsidence 
would  be  even  less.  The  Kalaupapa  evidence,  therefore,  indicates 
that  subsidence  of  central  Molokai  has  been  0. 1 mm/yr  or  less 
during  the  last  one-half  million  years. 

The  presence  of  coral  reefs  above  sea  level  provides  constraints 
on  the  timing  and  amount  of  subsidence  of  the  Hawaiian  Ridge,  and 
this  evidence  consequently  is  critical  to  an  understanding  of  the 
subsidence  history.  Recent  studies  have  shown  that  coral  deposits, 
previously  believed  to  have  been  reefs  uplifted  hundreds  of  meters, 
were  actually  laid  down  by  a giant  wave  that  swept  up  on  land  more 
than  300  m high  about  1 1 5,000  years  ago  (Moore  and  Moore. 
1984;  Moore  and  others,  I984X  This  evidence  removes  the  need  for 
the  volcanoes  to  have  risen  tectonically  hundreds  of  meters,  as 
previously  proposed  (Steams,  1978).  Instead,  rapid  subsidence 
during  volcano  growth,  and  continuing  perhaps  I m.v.  after  growth, 
is  consistent  with  most  evidence. 

Oahu  is  the  southeastemmost  island  on  which  extensive  coral 
reefs,  clearly  in  growth  position,  occur  above  sea  level.  These  reefs 
include  the  Waimanalo  reef  at  7. 5 m above  sea  level  dated  at  1 25  ka. 
the  Laie  reef  at  21.5  m.  and  the  Kaena  reef  at  29-30  m dated  at 


about  650  ka  (Steams,  I978)l  These  reefs  presumably  grew  and 
developed  when  sea  level  was  higher  than  today  owing  to 
glacioeustatic  causes,  and  they  testify  to  the  stability  of  Oahu  and 
the  lack  of  significant  present-day  subsidence.  However,  the  pres- 
ence of  important  terraces  below  sea  level  on  Oahu,  especially  those 
below  150  m (lig.  2.8X  which  is  commonly  considered  to  be  the 
lowest  glacioeustatic  stand  of  the  sea,  indicates  that  Oahu,  like  the 
other  islands,  subsided  before  the  growth  of  reefs  that  now  occur 
above  sea  level. 

Available  evidence  therefore  indicates  that  contemporary  sub- 
sidence at  rates  of  a few  millimeters  per  year  can  be  documented  at 
several  sites  on  the  island  of  Hawaii,  including  Hilo  and  the  west 
(Kona)  coast.  Subsidence  on  Maui,  if  occurring,  is  an  order  of 
magnitude  less,  and  Molokai  and  Oahu  have  been  virtually  stable 
for  a long  period. 

SUBMARINE  TERRACES 

A large  number  of  submarine  benches,  terraces,  and  flat- 
topped  ridges  or  seamounts  appear  on  large-  and  small-scale 
bathymetric  maps  of  parts  of  the  1 lawaiian  Ridge.  Many  are  rather 
subtle  features,  only  visible  on  detailed  bathymetric  charts.  Several 
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Bathymetry  after  MalhewMIl  (1970}  Elevations  and  depth*  in  feet,  bathymetric  contour 
interval.  60  ft. 


of  these  that  have  been  investigated  by  diving,  dredging,  and 
photogra|>hy  proved  to  be  submerged  coral  reefs.  A study  of 
detailed  nearshore  bathymetric  charts  indicates  that  submarine  ter- 
races are  common  off  several  of  the  chief  Hawaiian  Islands  at  depths 
of  100-150  m.  Curiously,  deeper  terraces  in  the  depth  range 
200-500  m seem  to  be  present  only  off  the  Island  of  Hawaii  (fig. 
2.8,4).  A prominent  terrace  at  about  150-m  depth  occurs  off  west 
Hawaii  on  Kohala,  Mauna  Kea,  and  Hualalai  Volcanoes,  but 
younger  lavas  from  Mauna  Loa  Volcano  flood  it  south  of  lat  19 "1 5' 
N.  Submersible  dives  reveal  that  it  is  a well-developed  coral  reef. 
Radiocarbon  ages  of  the  reef  limestone  show  that  the  reef  drowned 
13,250  years  ago  (Moore  and  Fornari,  1984! 

A second  major  reef  terrace  occurs  at  about  400- m depth  off 
northwest  Hawaii  (Campbell,  1984)  ami  is  almost  certainly  cor- 
relative with  the  terrace  at  that  depth  off  the  northeast  coast  of 
Mauna  Kea  Volcano  (figs.  2. 1,  2.8!  Submersible  dives  in  1985  off 
northwest  Hawaii  recovered  reef  limestone  samples  which  yielded 


preliminary  uranium-series  ages  of  about  1 1 5 ka (B.  S/a  bo,  written 
commun.,  1985! 

These  shallow  reef  terraces  apparently  deepen  and  become 
separated  toward  the  southeast,  forming  an  imbricate  pattern  tihed 
southeast  (fig.  2.8!  The  terraces,  which  were  presumably  formed 
horizontally  at  sea  level,  have  since  been  depressed  more  toward  the 
southeast  where  subsequent  subsidence  has  been  greater.  Toward  the 
northwest,  where  Pleistocene  subsidence  occurred  at  only  a very  low 
rate,  terraces  of  many  different  ages  formed  atop  one  another  at  the 
lower  limit  of  the  eustatically  shifting  sea.  100- 1 50  m below  present 
sea  level. 

Small-scale  bathymetric  charts  of  the  Hawaiian  Ridge  show  a 
series  of  large  and  prominent  benches  and  terraces  bounded  below 
by  a steep  slope  (fig.  2.9!  The  shapes  of  these  abrupt  slope  changes 
indicate  that  they  formed  at  the  subaerial-subaqueous  lava  transition 
zone  during  island  growth  by  grading  of  lava  flows  to  sea  level 
(Mark  and  Moore,  chapter  3!  A compilation  of  the  depths  of  such 
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FlQURE  2-8. — Depths  oi  terraces  and  axes  af  Hawaiian  Deep  projected  onto  a vertical  plane  striking  N . 45”  W.  A.lmun  in  upper  500  m.  me  hiding  two  dated  terraces 
off  west  Hawau  0,  All  major  terraces  above  Hawanan  Deep,  including  the  tilted  H and  K terraces  shown  in  figure  2.9.  Dashed  line,  features  on  northeast  side  of 
ridge;  dash-dot  bne.  features  on  southwest  side  of  ridge. 


benches  on  the  entire  Hawaiian 'Emperor  chain  indicates  that  they 
range  from  1 to  4 km  but  arc  commonly  2—3  km  (fig.  2.2).  These 
depths,  coupled  with  drill-hole  evidence,  suggest  that  the  Hawaiian 
volcanoes  have  generally  subsided  2-3  km  after  they  had  grown 
above  sea  level  and  could  be  marked  by  such  sea- level  features. 

One  of  the  more  prominent  benches  surmounts  the  cast  Maui 
Ridge  (called  the  Halcakala  Ridge  by  Wilde  and  others,  I960). 
This  terrace,  here  called  the  H terrace,  is  tilted  down  to  the 
southeast  and  can  he  traced  more  than  1 30  km  from  north  of  west 
Maui  at  about  400-m  depth  to  north  of  the  Island  of  Hawaii  at 
2.000-m  depth  (figs.  2.6,  2.9}  The  terrace  slopes  about  I km  per 
100  km.  or  about  one-half  degree,  but  it  is  believed  to  have  been  an 
ortgtna!  horizontal  feature  that  has  since  tilted  down  toward  the 
Hawaiian  hot  spot.  A second  such  tihed  terrace  off  north  Molokai 
projects  down  beneath  the  H terrace  and  consequently  is  believed  to 
be  older  (figs.  2.8,  2.9}  This  second  feature,  called  the  K terrace, 
can  be  traced  nearly  1 00  km  from  about  900-m  depth  northwest  of 
Molokai  to  1,600-m  depth  northeast  of  Molokai.  The  K terrace  is 
clearly  younger  than  the  proposed  giant  submarine  landslide  north  of 
Molokai  (Moore,  1964}  but  older  than  the  Kalaupapa  Volcano  of 
north  Molokai  (0.34-0.57  Ma)  The  Molokai  submarine  canyons 
(see  section  “Submarine  Canyons”)  could  have  been  cut  subaerially 
when  the  K terrace  was  about  at  sea  level. 

The  ages  of  these  tihed  terraces  are  unknown,  but  they  can  be 
crudely  approximated  by  comparing  their  depths  with  those  of 
terraces  of  known  ages  in  the  same  general  area,  assuming  generally 


I 


uniform  rates  of  subsidence  that  are  more  rapid  in  the  center  than  at 
the  edge  of  the  ridge.  The  H terrace,  which  was  probably  formed 
during  the  period  when  the  present  surface  of  Haleakala  Volcano 
was  developing,  is  about  five  times  as  deep  as  the  400-m  terrace  of 
Hawaii  dated  at  1 1 5 ka  (fig.  2.8)  Considering  the  lateral  position  of 
the  H terrace,  its  age  is  probably  0.5- 1.0  Ma.  Hie  K terrace, 
about  twice  as  deep  (and  old)  as  the  H terrace,  probably  formed 
when  vokanism  was  active  on  Molokai  at  1 .8- 1 .9  Ma  (Clague  and 
Dalrymple,  chapter  I ) When  the  K terrace  formed,  the  unsubsided 
Molokai  volcanoes  were  more  than  3 km  above  the  sea,  a height  that 
may  have  led  to  gravitational  instability  and  landsiiding  of  the 
islands  north  flank. 


SUBMARINE  CANYONS 

Submarine  canyons  have  been  identified  off  Kauai,  Oahu, 
Molokai  (Shepard  and  Dill,  1966)  and  Hawaii  (this  report)  and 
doubtless  many  more  will  bo  found  as  improved  bathymetric  data 
become  available,  llie  Kauai  submarine  canyons  head  about  3.5 
km  offshore  on  the  northwest  coast  and  can  be  traced  to  depths  of 
more  than  2,200  m.  The  canyons  are  steep  walled;  Honopu  Canyon 
has  walls  about  750  m high  at  an  axial  depth  of  1 ,500  m. 

Canyons  off  the  northeast  coast  of  Oahu  head  3— 4 km  offshore 
and  can  be  traced  downward  to  depths  exceeding  2,000  m.  These 
canyons  have  been  extensively  filled  by  sediment  in  their  upper  parts, 
and  they  also  passed  sediment  to  fan  deposits  near  the  Hawaiian 
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Deep  (Andrews  and  Bainbndge,  1972).  Ponds  of  such  sediments 
occur  between  the  blocky  seamounts  northeast  of  Oahu  downslope 
from  the  canyons  and  indicate  that  these  seamounts  (variously 
interpreted  as  volcanoes  or  landslide  blocks)  predate  canyon  cutting. 

The  upper  parts  of  12  submarine  canyons  have  been  mapped 
in  detail  by  Malhewson  (1970)  off  the  north  coast  of  Molokai  (fig. 
2.7).  Several  of  these  canyons  arc  directly  offshore  from  major 
subaerial  canyons  and  they  head  1-2  km  from  shore.  It  is  likely  that 
the  submarine  canyons  that  flank  the  Kalaupapa  Peninsula  were  cut 
before  the  peninsula  was  built  at  about  0.4  Ma  (fig.  2.7) 

A recent  compilation  of  unpublished  NOAA  charts  reveals 
three  submarine  canyons  off  windward  Kohala  Volcano  (fig.  2. 10) 
These  canyons  head  less  than  I km  from  shore  and  can  be  traced 
downslope  only  to  the  limit  of  available  bathymetry  at  a depth  of  440 
m.  Iliese  submarine  canyons  are  40-80  m deep  and  hence  are 
much  less  deeply  incised  than  the  600-m-deep  land  canyons.  *I'his 
contrast  can  be  attributed  to  the  fact  that  the  tops  of  the  submarine 


canyons,  as  well  as  the  upper  part  of  the  terrain  between  the 
canyons,  has  been  planed  off  by  erosional  recession  of  the  400-m- 
high  seacliff  during  subsidence.  Ilie  canyons  are  offshore  from 
major  and  minor  subaenal  canyons  cut  in  Kohala  Volcano. 
However,  no  submarine  canyon  lies  offshore  from  Waipio  Valley,  the 
most  southern  Kohala  canyon.  This  absence  probably  results  from 
filling  of  the  submarine  continuation  of  Waipio  Valley  by  lava  from 
the  younger,  adjacent  Mauna  Kea  Volcano  (Steams,  1966,  p.  125) 

Detailed  bathymetric  mapping  off  western  Hawaii  to  locate 
anchor  sites  for  an  ocean  thermal-energy  conversion  lest  platform  has 
revealed  a system  of  submarine  canyons  that  generally  head  at  depths 
greater  than  1,000  m (Campbell  and  Krlandson,  1979)  The 
western  limit  of  this  detailed  mapping  does  not  show  the  lower  limit 
of  these  canyons,  but  several  descend  to  depths  greater  than  1 ,600  m. 

All  who  have  investigated  the  Hawaiian  submarine  canyons 
note  that  they  commonly  align  with  present-day  subaerial  valleys  but 
generally  show  little  or  no  bathymetric  expression  across  the  near- 
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shore  zone  down  to  depths  of  about  100  m or  more.  Seismic- 
reflection  profiling  off  windward  Oahu  (Coulbourn  and  others, 
1974)  shows  that  submarine  troughs,  filled  and  concealed  by  young 
sediments  nearshore,  connect  the  subaerial  valleys  with  the  visible 
submarine  canyons.  This  fact  provides  support  for  a subaerial  origin 
of  at  least  some  submarine  canyons. 

Hamilton  (1957)  and  Macdonald  and  Abbott  (1970)  pro- 
posed erosion  below  sea  level  by  submarine  processes  as  the  major 
cause  of  the  Molokai  submarine  canyons,  because  the  canyons 
extend  deeper  than  any  previously  postulated  estimate  of  sub- 
mergence. On  the  other  hand,  other  workers  support  subaerial 
erosion  for  the  carving  of  all  the  canyons.  Steams  (1966)  believes 
submarine  erosion  simply  could  not  cut  such  canyons  in  hard  basalt; 
Mathewson  (1970)  points  to  the  continuity  of  subaerial- submarine 
stream  profiles  to  make  the  case  for  subaerial  canyon  cutting  and 
later  subsidence.  Comparison  of  the  depths  of  the  lower  ends  of 
canyons  with  depths  of  major  terraces  believed  to  be  sea-level 
features,  as  well  as  the  evidence  from  drillholes  (fig.  2.2).  leaves  little 
doubt  that  subsidence  has  been  adequate  to  permit  all  of  the  canyons 
to  have  been  cut  by  subaerial  processes,  although  post -subsidence 
modification  of  the  canyons  by  submarine  processes  is  likely. 

CRUSTAL  STRUCTURE 

Measurements  of  gravity  and  determinations  of  crustal  struc- 
ture by  seismic  refraction  and  reflection  experiments  have  provided 
important  constraints  on  the  structure  of  the  Hawaiian  Ridge.  This 
work  shows  that  the  depth  to  the  base  of  the  crust  as  marked  by  the 
M -discontinuity  increases  from  about  1 0 km  far  from  the  ridge  to  as 
much  as  20  km  beneath  the  ridge.  A 100-km-long  seismic-refraction 
profile  shot  in  1978  offshore  from  the  west  coast  of  Hawaii  indicates 
that  the  base  of  the  crust  has  been  depressed  about  8 km  beneath 
Mauna  Loa  Volcano  (Zucca  and  others.  1982;  Hill  and  Zucca, 
chapter  37).  The  base  of  the  crust,  normally  10-11  km  below  sea 
level  away  from  the  ridge,  has  been  depressed  to  a depth  of  13-14 
km  on  both  the  west  and  south  coasts  of  the  island  and  down  to  18.5 
km  beneath  Mauna  Loa  (fig.  2.6).  Seismic -refraction  data  farther 
northwest  indicate  that  the  M -discontinuity  south  of  Oahu  is  about 
20  km  below  sea  level  (Furumoto  and  Wollard,  1965;  Watts  and 
others,  1985). 

Die  inferred  lowering  of  the  base  of  the  crust  beneath  the  ridge 
may  be  caused  in  part  by  injection  of  relatively  low-density  basaltic 
dikes  and  sills  into  the  mantle  beneath  the  original  crustal  layer.  Such 
basaltic  material  would  reduce  the  density  and  seismic  velocity  of  the 
the  upper  mantle,  convert  it  to  a crustlike  material,  and  cause  a 
downward  migration  of  the  M-  discontinuity.  An  interpretation 
based  on  seismic,  gravity,  and  geoid  data  suggests  that  the  lower  4 
km  of  the  depressed  oceanic  crust  south  of  Oahu  is  composed  of  such 
a dense  intrusive  complex  (Watts  and  others,  I985)l  This  work  also 
indicates  that  the  old  ocean  floor  on  top  of  the  oceanic  crust  has  been 
warped  down  5-7  km  beneath  the  ndge  to  depths  as  great  as  12  km 
below  sea  level. 

Seismic  refraction  and  gravity  measurements  have  also  shown 
that  a significant  mass  fraction  of  the  Mauna  Loa  and  Kilaura 
volcanic  edifices  above  the  oceanic  crust  is  composed  of  intrusive 


cores  beneath  the  summit  region  and  rift  zones  (Hill  and  Zucca, 
chapter  37  )i  Intrusion  of  such  material  will  add  weight  to  the  crust 
and  cause  subsidence  of  the  volcano  base,  but  will  not  cause  the  same 
degree  of  subsidence  of  the  top  of  the  volcanoes  as  it  would  if  erupted 
i subaerially  as  lava  flows. 

Depression  of  the  top  of  the  oceanic  crust  is  5-7  km  near 
Oahu,  and  depression  of  the  base  of  the  oceanic  crust  is  about  8 km 
beneath  Mauna  Loa,  as  revealed  by  seismic  experiments.  Despite 
the  possibility  that  some  of  the  apparent  depression  of  the  base  of  the 
crust  is  caused  by  intrusive  activity,  subsidence  of  the  base  of  the 
volcanoes  is  probably  5—7  km  and  may  be  greater. 

The  major  depression  of  the  crust  caused  by  the  weight  of  the 
growing  volcanoes  atop  the  Hawaiian  hot  spot  forms  a giant  trough 
or  canoe-like  crustal  warp  (fig.  2.4).  This  southeast -trending  trough 
underlies  the  Hawaiian  Ridge  and  terminates  about  50  km  southeast 
of  the  Island  of  Hawaii  near  the  area  where  the  Hawaiian  Deep 
curves  around  the  end  of  the  ridge  (fig.  2. 1 X The  propagation  of  the 
Hawaiian  Ridge  and  its  underlying  trough  onto  new  virgin  crust 
toward  the  southeast  can  be  compared  to  the  movement  of  a massive 
caterpillar  tread  over  muddy  ground  (fig.  2.6X  The  sharp  downflex- 
rng  of  the  crust  and  lithosphere  at  the  head  of  the  caterpillar  is 
probably  the  cause  of  some  of  the  earthquakes  concentrated  around 
the  volcanic  front  (fig.  2. 1 IX 

The  edges  of  the  deepest  part  of  the  downbowed  crust  are 
roughly  coincident  with  the  two  or  more  loci,  commonly  about  40  km 
apart,  that  connect  individual  volcanic  centers  (fig.  2.4X  Sharp 
bending  of  the  crust  and  mantle  on  tbe  two  sides  of  the  base  of  this 
trough  may  cause  fractures  that  tap  magmas  from  the  hot  spot  and 
are  related  to  the  formation  and  progagation  of  these  volcano  loa. 
The  changes  in  trend  of  these  loci  along  the  ridge  (Shaw  and  others, 
1980)  arc  perhaps  caused  by  the  presence  of  major  pre- Hawaiian 
volcanic  seamounts  that  were  rafted  over  the  hot-spot  area.  Such 
seamounts  and  their  underlying  subsidence  troughs  could  affect  the 
downflexing  of  the  lithosphere  caused  by  tbe  new  volcanic  load  and 
perturb  the  positions  of  the  fractures  that  conduct  magma  from  the 
hot  spot  to  the  surface  to  feed  the  new  volcanoes. 

The  prevokamc  sea  floor  underlying  the  Hawaiian  Ridge  is, 
like  the  underlying  base  of  the  crust,  warped  down  into  a trough. 
This  trough,  which  is  filled  with  material  erupted  from  the  vol- 
canoes, extends  beneath  the  level  of  the  old  ocean  floor  about  as  far 
down  as  tbe  largest  volcanoes  presently  rise  above  that  level.  The 
cross-sectional  area  of  this  trough  beneath  the  level  of  the  old  ocean 
floor  is  about  750-1,000  km^,  equal  to  or  somewhat  greater  than 
the  cross-sectional  area  of  the  volcanic  ridge  above  tbe  old  ocean 
floor.  If  the  rale  of  plate  motion  is  assumed  to  be  10  cm/yr, 
0.075-0. 1 km*  of  volcanic  material  subsides  beneath  the  level  of  the 
old  ocean  floor  per  year.  This  volume  is  similar  to  or  slightly  less  than 
the  current  measured  output  of  Kilauea  Volcano  of  0.  II  kmVyr 
(Swanson.  I972X  Hence  the  bulk  of  the  material  erupted  from  tbe 
I lawanan  hot  spot  is  not  only  deeply  buried,  but  has  subsided  below 
the  general  level  of  the  surface  on  which  it  was  originally  deposited 
(the  old  ocean  floor)  Models  considering  the  origin  and  structure  of 
the  ndge,  and  of  the  magmas  that  formed  it,  need  take  this  fact  into 
account. 
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FIGURE  2. 10. — Map  of  northraitern  KokaU  tkowing  Hibacnal  and  Hibmarmo  canyon*  Bathymetric  contour  interval,  40  m 


The  axis  of  the  trough  beneath  the  ridge  has  undergone  most  of 
its  subsidence  within  a short  distance  (and  hence  time)  from  the 
unsubstded  oceanic  crust  to  the  southeast.  The  base  of  the  crust  (and 
presumably  also  the  old  ocean  floor)  has  subsided  7. 5 km  in  the  100 
km  from  the  beginning  of  downwarping  to  the  region  beneath  Mauna 


Loa  (fig.  2-6X  This  is  equivalent  to  a subsidence  of  7.5  mm/yr  if 
assume  that  the  volcanic  system  propagates  laterally  at  a rate  of  10 
cm/yr  relative  to  the  crust. 

The  axis  of  the  Hawaiian  Deep  becomes  deeper  northwest  of 
the  hot  spot  because  of  continued  subsidence  of  the  ridge  and  crust  in 
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FlCURfc  2.1 1.  — EpKentral  locations  of  rarthqu.ikn  willi  magnitude  3 or  larger  in  the  Hawaiian  region  during  1968-83  (F.W.  Klein,  wnllrn  commun  . I985J. 


response  to  the  weight  of  erupted  products.  In  addition,  the  ! 
lithosphere  may  have  been  reheated,  and  hence  elevated  adjacent  to 
the  hot  spot  to  partly  create  the  Hawaiian  Arch  (Von  Herzen  and 
others,  1982).  Cooling  and  subsidence  of  the  lithosphere  northwest 
of  the  hot  spot  adds  to  the  depression  of  the  trough  axis.  Seismic 
refraction  experiments  indicating  that  the  depth  to  the  base  of  the 
crust  south  of  Oahu  is  20-23  km  (Furumoto  and  Woollard,  1965) 
suggest  the  possibility  of  minor  continued  subsidence  from  Mauna 
Loa  to  Oahu. 


CHARACTER  OF  SUBSIDENCE 

The  extent  of  the  depression  of  the  M -discontinuity  from 
unaffected  crust  southeast  of  the  ridge,  through  Kilauea,  and 
northwestward  to  the  older  volcanoes  provides  information  on  the 
history  and  character  of  subsidence  (fig.  2.6).  Assuming  a volcanic 
propagation  rate  of  10  cm/yr,  each  100  km  represents  I m.y. 


The  bulk  of  subsidence  occurred  in  about  I m.y.  The  center  of 
the  base  of  the  volcanic  ridge  subsides  about  8 km,  and  the  part  of 
the  volcano  that  first  broke  the  sea  surface  subsides  about  5 km. 
However,  the  sides  of  a volcano  undergo  considerably  smaller 
amounts  of  subsidence  than  the  center,  producing  a trough-like  shape 
to  the  boundary  between  subaerially  and  submarine  erupted  basalt 
(fig.  2.6,  section  B-B’\ 

The  southeast  end  of  the  ridge  is  downshearing  against  that 
part  to  the  northwest  because  ongoing  subsidence  is  greater  to  the 
southeast  (fig.  2.6)  This  southeasterly  dislocation  probably  occurs 
at  all  scales  in  southeast  Hawaii  and  no  doubt  produces  some  of  the 
seismic  activity  (fig.  2.11)  Moreover,  it  must  be  an  important 
process  in  shaping  the  geometry  of  volcanic  conduits,  magma 
chambers,  and  rift  zones.  Major  fault  systems  such  as  the  Kaoiki, 
which  separates  Mauna  Loa  from  Kilauea.  and  the  Hilina.  on  the 
south  flank  of  Kilauea,  are  probably  related  to  this  process. 

The  general  pattern  of  subsidence  permits  an  estimate  of  the 
volume  proportions  of  certain  divisions  of  the  volcanoes.  A section 
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through  the  embryonic  part  of  the  ridge  at  Loihi  Volcano  (fig.  2.6) 
indicates  a cross-sectional  area  of  the  ridge  here  of  about  880  km2  of 
basalt,  all  subaqueously  erupted  or  intrusive.  Petrologic  studies 
(Moore  and  others,  1982)  indicate  that  Loihi  has  recently  under- 
gone a transition  from  eruption  of  early  alkalic  lava  to  eruption  of 
tholeiitic  lava,  and  the  section  suggests  that  about  30  percent  of  the 
ridge  here  is  composed  of  the  early  alkalic  material.  This  estimate 
does  not  consider  the  possibility  that  much  of  the  basal  part  of  the 
volcano  is  composed  of  intrusive  rock,  possibly  of  a different 
composition.  At  this  early  stage  already  about  40  percent  of  the 
volume  of  the  volcano  has  subsided  beneath  the  level  of  the  pre- 
vokanic  ocean  Boor. 

In  contrast,  Haleakala  Volcano  on  Maui  has  virtually  com- 
pleted its  volcanic  cycle,  except  for  lingering  small-scale  eruption  of 
late  alkalic  lavas.  The  cross-sectional  area  of  the  volcanic  ridge  here 
is  about  1,450  Ion2,  of  which  about  16  percent  is  the  early  alkalic 
lava  and  only  a few  percent  is  late  alkalic  lava.  Presently  only  4 
percent  of  the  volcanic  pile  is  above  sea  level,  but  25  percent  of  the 
volume  of  the  ridge  here  was  erupted  above  sea  level  and  built  shield 
volcanoes  largely  of  tholeiitic  basalt.  The  other  75  percent  of  the 
volcanic  ridge,  although  also  composed  principally  of  tholeiitic 
basalt,  was  erupted  beneath  the  sea  and  is  composed  largely  of 
pillowed  lavas  that  predate  the  growth  of  the  subaerial  shield 
volcanoes  and  have  steeper  slopes  (Moore  and  Fiske,  1969)  About 
53  percent  of  the  volume  of  volcanic  materials  here  has  subsided 
beneath  the  level  of  the  prevolcanic  ocean  floor. 

The  primary  constraint  on  the  measured  rate  of  volcanic 
propagation  along  the  Hawaiian  Ridge  is  the  body  of  radiometric 
ages  of  rocks  collected  from  the  volcanoes  (Clague  and  Dalrymple, 
chapter  I).  It  is  evident  that  virtually  all  of  these  samples  are  from 
near  the  top  of  the  volcanoes.  Wherever  possible,  tholeiitic  lavas 
rather  than  the  later  alkalic  lavas  were  collected  and  dated,  so  the 
ages  more  nearly  define  the  age  of  the  major  shield -building  stage  of 
volcano  growth. 

'rime-distance  plots  of  the  age  data  show  an  apparent  accelera- 
tion of  the  volcanic  propagation  rate  (as  well  as  the  volcanic  eruption 
rale)  in  the  last  approximately  one  million  years.  Shaw  and  others 
(1980)  find  that  the  average  rate  of  volcanic  progression  from  the 
Hawaiian- Emperor  bend  to  West  Maui  Volcano  is  7.9  cm/yr.  and 
the  average  rate  from  West  Maui  Volcano  to  Kilauea  is  17.8  cm/yr. 
Clague  and  Dalrymple  (chapter  I ) support  the  notion  of  a relatively 
recent  acceleration  in  the  volcanic  propagation  rate  and  note  that 
otherwise  the  curvature  of  the  tune-distance  plot  causes  it  to  intersect 
the  distance  axis  northwest  of  Kilauea  and  predict  a negative  age  for 
that  volcano. 

However,  the  fact  that  the  southeast  end  of  the  ridge  has  not 
undergone  all  of  its  subsidence  is  an  important  limitation  to  the  use  of 
unqualified  time-distance  plots  to  determine  the  propagation  rate, 
llie  exposed  and  dated  parts  of  the  southeastern  volcanoes  will 
clearly  submerge  beneath  the  sea  and  be  covered  with  younger  lavas. 
When  the  first  phase  of  rapid  subsidence  is  complete  for  Kilauea,  the 
present  summit  will  be  I km  or  more  below  sea  level.  Loihi  Volcano 
(figs.  2.1  and  2.6).  now  I km  below  sea  level,  will  have  to  grow 
more  than  2 km  up  before  it  breaks  the  sea  surface  because  more 
than  one-half  of  its  volcanic  growth  is  offset  by  subsidence.  In  order 


for  the  ages  of  Kilauea  and  Mauna  Loa  to  be  comparable  with  those 
of  the  northwestern  volcanoes,  one  must  obtain  samples  of  yet 
unerupted  lavas  that  will  mantle  the  presently  exposed  surface. 
Hence,  if  such  unerupted  future  lava  could  be  dated  now  it  would 
have  a negative  age  as  suggested  by  Clague  and  Dalrymple.  Until 
more  is  known  about  the  volume  and  age  of  the  submarine  volcanic 
products,  it  seems  premature  to  propose  a dramatic  increase  in  the 
rate  of  volcanic  propagation  in  the  last  million  years  or  so.  Assuming 
that  the  rale  has  remained  constant,  then  straight-line  projection  of 
age-distance  data  to  Kilauea  and  on  to  Loihi  suggests  a negative 
(future)  age  for  Loihi  of  1-1.5  m.y  (Clague  and  Dalrymple, 
chapter  I ).  Since  Loihi  is  already  of  finite  age.  the  duration  of  the 
chief  period  of  volcano  growth  is  about  1.5-2  m.y.  (fig.  2,6) 

The  proposed  increase  in  the  volume  of  volcanic  products  and 
hence  eruption  rates  at  the  young  end  of  the  ridge  (Clague  and 
Dalrymple,  chapter  I;  Shaw  and  others,  1980)  is  also  uncertain, 
because  all  of  the  previously  measured  volcanic  volumes  include  only 
that  part  of  the  ndge  above  the  level  of  the  flat  ocean  floor 
surrounding  the  Hawaiian  Ridge.  The  volume  of  volcanic  material 
in  the  trough  underlying  the  ndge  has  not  been  considered.  Because 
the  old  ocean  floor  is  fully  depressed  beneath  the  entire  length  of  the 
ridge  accept  at  the  octreme  southeast  end,  it  is  not  surprising  that 
larger  apparent  volumes  (and  higher  eruption  rates)  have  been 
calculated  for  the  unsubsided  region. 

The  base  of  the  volcanic  material  erupted  between  I Ma  and 
the  present  is  not  depressed  as  much  as  that  erupted  between  2 and  I 
or  3 and  2 Ma  (fig.  2.6)i  The  volume  between  the  I Ma  and  zero 
isochrons  is  even  further  reduced  if  we  consider  the  fact  that  the  sides 
of  the  depressed  zone  loop  around  the  end  of  the  ridge  (compare 
with  fig.  2.4).  This  part  of  the  ridge  will  subside  many  kilometers 
within  the  next  one  million  years. 

As  the  Hawaiian  Ridge  propagates  southeasterly  in  the 
lithosphere  by  the  northwesterly  movement  of  the  Pacific  plate,  the 
southeast  end  of  the  ndge  and  the  surrounding  ocean  floor  bend 
down  toward  the  hot-spot  area  or  toward  the  youngest  volcano. 
Movement  of  the  lithospheric  plate  away  from  the  hot  spot  pro- 
gressively removes  a given  island  or  volcano  from  the  subsiding  zone 
adjacent  to  the  hot  spot.  At  the  present  time  Kahului,  Maui,  which 
is  180  km  from  Mauna  Loa  (near  the  hot-spot  center)  is  not 
subsiding  rapidly  (fig.  2.3).  and  Molokai  and  Oahu  appear  to  be 
stable.  Hence  the  rapidly  subsiding  zone  is  largely  in  the  vicinity  of 
the  Island  of  Hawaii,  and  it  may  be  outlined  by  the  concentration  of 
recent  earthquakes  (fig.  2.11).  Downwarping  of  the  base  of  the  crust 
begins  about  100  km  both  southeast  and  southwest  of  Mauna  Loa 
i (Zucca  and  others,  1982)  and  available  evidence  suggests  that  the 
downwarping  zone  is  roughly  circular  with  a 100-km  radius.  The 
center  of  downwarping  as  defined  by  the  curvature  of  the  Hawaiian 
Deep  (fig.  2.4)  is  about  midway  between  the  summits  of  Mauna 
Loa  and  Mauna  Kea  Volcanoes. 

The  manner  of  tilting  of  pre-existing  terraces  is  clarified  if  we 
trace  the  history  of  a horizontal  surface  affected  by  this  downwarp- 
ing  sag  (fig.  2.12)  Close  to  the  center  of  the  sag.  assumed  to  be 
cone- like,  the  terrace  will  subside  faster  than  on  its  edges  where  no 
subsidence  occurs.  As  the  terrace  moves  relatively  northwest  from 
the  sag.  progressively  all  subsidence  will  stop  and  the  lilt  will  be 
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“frozen  in"  on  the  terrace.  If  we  assume  that  the  sag  moves  10  cm/yr 
southeast  relative  to  the  crust,  and  that  subsidence  is  2,5  mm/yr  at 
the  cone  center,  then  an  original  horizontal  surface  will  finally  end 
tilled  toward  the  sag  at  about  1 . 5 km/ 1 00  km  (hg.  2.\2\  This  tilt  is 
similar  to  that  of  the  H terrace  off  east  Maui  (fig.  2.8). 

The  depression  of  the  M -discontinuity  beneath  the  Hawaiian 
Ridge  is  a measure  of  subsidence  of  the  volcanoes.  The  high 
proportion  of  the  volcanic  pile  that  is  below  the  level  of  the 
prcvotcanic  ocean  floor  even  at  the  youngest,  southeastemmost 
volcanoes  indicates  that  subsidence  is  very  rapid.  Much  of  the 
subsidence  occurs  while  the  volcanoes  are  growing.  A large  part  of 
the  total  subsidence  has  occurred  by  the  time  the  volcanoes  reach  sea 
level1,  Loihi  Volcano,  still  I kin  below  sea  level,  has  already  subsided 
more  than  I km  (fig.  2.6)  and  will  presumably  subside  an  additional 
6 km  if  it  grows  to  the  size  of  Mauna  Loa.  However,  subsidence  is 
much  more  rapid  after  the  volcanic  products  are  deposited  above  sea 
level  because  the  buoyancy  of  water  does  not  affect  this  material  and 
its  effective  weight  is  I g/cm*  greater.  This  fact  is  demonstrated  by 
the  slope  of  the  depressed  M discontinuity  at  the  volcanic  front. 
This  slope  becomes  abruptly  steeper  beneath  the  southeast  shoreline 
of  Hawaii  (fig.  2.6).  These  slopes  (assuming  a volcanic  propagation 
rate  of  10  cm/yr)  indicate  subsidence  rates  of  4 mm/yr  for  the 
submarine  part  of  the  volcano,  and  1 2 mm/yr  for  the  subaerial  part 
of  the  volcano.  Comparison  of  these  slopes  at  the  base  of  the  crust 
with  volcanic  profiles  at  the  top  of  the  crust  (fig.  2.6)  indicates  that 
downbowing  of  the  crust  is  an  almost  immediate  response  to  volcanic 
loading. 

Through  the  life  of  the  growing  volcano,  new  material  deposit- 
ed on  top  undergoes  progressively  less  subsidence  than  the  older 
material  below  it.  Hence  when  the  volcano  achieves  enough  mass 
above  sea  level  to  be  marked  by  sea-level  terraces,  these  features  will 


undergo  only  a small  part  of  the  total  subsidence  experienced  by  the 
older,  lower  parts  of  the  volcano. 

CONCLUSIONS 

Subsidence  of  the  Hawaiian  Ridge  can  be  constrained  by  tide- 
gauge  measurements,  geophysical  measurements  of  crustal  structure, 
and  information  gained  from  submarine  canyons,  submerged  car- 
bonate reefs,  deep  drilling,  and  dredging.  An  analysis  of  these  data 
indicates  the  following: 

1 . The  Hawaiian  Ridge  has  undergone  rapid  and  dramatic 
subsidence.  Most  volcanoes  have  subsided  2-4  km  since  reaching 
the  sea  surface,  and  the  bases  of  the  volcanoes  have  subsided  5-8 
km. 

2.  Between  one-half  and  two-thirds  of  the  upbuilding  of  the 
volcanoes  is  offset  by  subsidence. 

3.  Major  sea-level  terraces  formed  during  the  chief  periods  of 
volcanic  growth  above  sea  level  tend  to  tilt  toward  the  point  of  active 
volcanic  loading,  that  is  toward  the  southeast.  Hence  depth  correla- 
tion of  terraces  along  the  island  chain  may  be  misleading. 

4.  Because  the  young  volcanoes  at  the  southeast  end  of  the 
Hawaiian  Ridge  have  not  completed  their  subsidence  and  growth, 
volcanic  ages  derived  from  them  provide  estimates  of  volcanic 
propagation  rates  that  are  too  high.  Likewise,  volumes  measured  for 
the  volcanoes  only  above  the  level  of  the  ocean  floor  indicate  eruption 
rates  for  the  older,  subsided  volcanoes  that  are  too  low.  These 
factors  raise  doubts  about  both  the  proposed  increase  m volcanic 
propagation  rate  and  eruption  rate  during  the  last  few  million  years. 

5.  The  alignment  of  volcanoes  along  two  or  more  curving  loci 
about  40  km  apart  and  parallel  to  the  Hawaiian  Ridge  may  result 
from  sharp  bending  of  the  crust  and  mantle  on  the  two  sides  of  the 
base  of  the  subsided  trough  underlying  the  ridge.  Such  bending  may 
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FlGUKL  2.12. — Vertical  Mellon  pajwng  through  center  of  nuprUing  tune- like  cubiidewe  zone  (100-km  radius)  that  migrate*  vxitheast  at  10  envyr;  position  of  the 
center  of  the  cone  al  specific  lime*  ( M«)  is  shown  at  top.  The  center  of  the  cone  subside*  2 5 mnv'yt  and  subsidence  and  migration  havr  occurred  for  3 m. y,  FVnMei 
chow  Miccewm  shapes  of  a warped  surface  that  was  horizontal  at  3 Ma;  numbers  giw  age*  tn  M*  Note  ihr  form*! kmc  of  .1  tilted  terrace  sloping  about  I 3 km1 100 
km  lo  the  southeast  that  n Irfi  behind  m the  wake  of  the  migrating  uibwhwr  rone.  Thu  model  cats  apply  lr>  the  deformation  either  of  a era  lew)  terrace  or  of  the 
ocean  floor  al  the  beguwmR  of  the  propagation  of  the  subsiding  Hawaiian  Ridge. 
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initiate  fractures  that  tap  magmas  from  the  hot  spot  and  feed  the 
volcanoes.  The  changes  in  mapped  trend  of  the  loci  may  be  caused 
by  the  rafting  of  pre-Hawaiian  seamounts  over  the  hot  spot  area, 
where  they  perturbed  this  downflexing  of  the  lithosphere  and  the 
location  of  the  conduit  fractures. 

6.  An  estimate  of  volumes  based  on  patterns  of  subsidence 
indicate  that  as  much  as  1 6 percent  of  the  volume  of  the  ndge  is  early 
alkalic  lava,  about  25  percent  was  erupted  subaeriaJiy,  and  about 
53  percent  has  subsided  beneath  the  level  of  the  old  ocean  floor. 
These  estimates  may  be  reduced  if  a substantial  volume  of  the 
volcanoes  is  composed  of  intrusive  rather  than  extrusive  rocks. 

7.  A part  of  the  seismic  activity  that  is  centered  at  the 
southeastern  end  of  the  Ridge  may  result  from  bending  and  disloca- 
tion of  the  volcanic  pile  as  the  southeastern  part  subsides  relative  to 
that  adjacent  on  the  northwest. 
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SLOPES  OF  THE  HAWAIIAN  RIDGE 


By  Robert  K.  Mark  and  James  G.  Moore 


ABSTRACT 

Slopes  of  the  southeastern  Hawaiian  Ridge  have  been 
computed  from  elevation  and  bathymetric  data  digitized  at  750- 
m spacing.  Maps  derived  from  these  data  show  that  most  of  the 
subaeriaJ  slopes  of  Mauna  Loa  shield  volcano,  built  of  tholeiitic 
basalt,  are  3°  to  6°  and  the  steepest  average  slope  is  8°  at  3,300- 
m elevation.  The  lower  slopes  of  much  of  Mauna  Kea,  capped  by 
alkalic  basalt,  are  also  3°  to  6°,  but  they  steepen  to  6°  to  9°  on  the 
east  side,  and  the  steepest  average  slope  is  13°  at  3,000-m 
elevation. 

Submarine  slopes  are  generally  steeper  than  subaeriaJ 
slopes  on  an  active  marine  volcano,  but  both  submarine  and 
subaerial  slopes  become  gentler  downward.  Consequently,  sub- 
marine slopes  are  steepest  slightly  below  sea  level  and  merge 
up  slope  with  the  gentlest  subaerial  slopes.  On  Kilauea  and 
Mauna  Loa  the  average  subaerial  slope  below  2,000-m  elevation 
is  4°,  but  500  m below  sea  level  the  slope  increases  to  13°.  This 
sharp  downward-slope  increase  at  the  subaerial-subaqueous 
transition  results  from  several  processes,  but  perhaps  the  most 
important  depends  on  the  buoyant  effect  of  water  on  propaga- 
tion of  a lava  flow.  A flow  cannot  move  downhill  as  readily 
underwater  because  gravity  exerts  less  force  on  it,  and  so  the 
flow  will  thicken,  spread  laterally,  and  build  up  the  slope. 
Depression  of  this  slope  change  in  older  volcanoes  is  a measure 
of  subsidence  of  the  volcano  that  has  occurred  since  termina- 
tion of  the  major  period  of  shield  growth. 

Major  submarine  landslides  commonly  head  in  regions  with 
regional  slopes  of  14°  to  17°,  but  are  flanked  by  slopes  as  great 
as  19°,  the  landslide  having  reduced  the  slope  at  its  head.  Arcs 
of  anomalously  steeper  slopes  at  intermediate  depths  apparently 
mark  gravitationally  induced  creep  zones  that  bulge  the  volcano 
flank  seaward. 


INTRODUCTION 

The  present  slope  of  landforms  results  from  the  equilibrium 
attained  between  the  processes  that  built  up  tbe  landform  and  those 
gravitationally  induced  processes  that  operate  to  reduce  it  to  a flat 
plane.  Volcanic  activity,  first  on  the  sea  floor  and  eventually  on 
island  peaks,  is  the  chief  process  that  built  up  the  Hawaiian  Ridge. 
Concurrently  the  ridge  has  undergone  reduction  by  erosion,  mass 
wasting,  landsliding,  and  isostatic  subsidence.  An  insight  into  all  of 
these  processes  can  be  attained  by  analysis  of  slope. 

Digitized  topographic  and  bathymetric  data  (fig.  3.1)  were 
employed  to  generate  slope  maps  and  plots  of  the  southeast 
Hawaiian  Ridge  (figs.  3.2,  3.3)  This  proprietary  data  set,  which 
includes  over  42,000  scattered  elevation  values,  was  provided  by 
Dynamic  Graphics,  Inc.  Using  the  Surface  Griddtng  Ljbrary 
(Dynamic  Graphics,  Inc..  1978)  we  computed  a grid  of  751  rows 
and  931  columns,  with  750-m  spacing,  from  the  scattered  data. 


Slopes  were  computed  by  fitting  a quadratic  surface  to  the  three-by- 
three  array  around  each  grid  point.  Color  separation  negatives  for 
publication  were  produced  on  the  Scitex  Response  280  System  laser 
drum  plotter. 

The  computer  slope  calculations  determine  the  tangent  of  the 
angle  of  slope  as  measured  from  the  horizontal.  The  color  bound- 
aries on  the  slope  maps  (figs.  3.2,  3.3)  are  in  even  increments  of 
slope-angle  tangent,  which  multiplied  by  100  is  equal  to  tbe  percent 
grade.  The  equivalent  angle  in  degrees  is  shown  in  table  3.1. 
Degrees  are  used  in  discussing  slopes  in  the  text  because  this  is 
probably  more  meaningful  to  the  average  map  user. 

Rapid  computer  techniques  were  employed  to  determine  the 
area- averaged  slope  for  each  100-m  interval  of  depth  and  elevation 
for  the  six  segments  of  the  age-progressive  Hawaiian  Ridge  shown  in 
figure  3.1.  These  average  slopes  were  smoothed  using 
RSMOOTH  (Velleman  and  Hoagun,  1981)  and  plotted  against 
depth  (fig.  3.4X  The  slope-depth  plots  of  the  six  segments,  which 
are  systematically  older  to  the  northwest,  permit  analysis  of  the 
changes  in  slope  that  occur  through  time. 
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SUBAERIAL  SLOPES 

The  unmodified  subaerial  slopes  of  Mauna  Loa  shield  volcano 
are  mostly  very  gentle  (fig.  3.2)  Substantial  parts  of  the  the  lower 
slopes  are  between  3°  and  6°,  and  slopes  near  the  summit  are  rarely 
steeper  than  1 1 The  steepest  average  slope  is  8°  and  occurs  at 
3,300-m  elevation  (fig.  3.4)  Flatter  surfaces  occur  in  saddles 
between  Mauna  Loa  and  the  neighboring  volcanoes  Mauna  Kea 
and  Hualalai,  where  lavas  are  ponded.  The  smaller  tholeiitic  shield 
of  Kilauea,  which  is  built  on  the  south  side  of  Mauna  Loa,  shows 
gentle  slopes  generally  less  than  3°.  In  part  this  gentle  slope  is 
probably  caused  by  ponding  of  both  Mauna  Loa  and  Kilauea  lavas 
between  the  southeast  flank  of  Mauna  Loa  and  the  summit  and  east 
rift  /one  of  Kilauea.  The  flat  area  that  covers  much  of  the  southeast 
part  of  the  island  (Puna)  results  from  such  lava  flows  ponded  north 
of  the  east-nft-zonc  ridge  of  Kilauea.  This  area  generally  slopes  less 
than  3°  and  is  the  largest  such  gently  sloping  area  on  the  Hawaiian 
Islands. 
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The  southern  coastal  part  of  Kilauea  shows  anomalously  sleep 
slopes  exceeding  9°  and  locally  exceeding  1 7°.  These  steep  areas  are 
clearly  related  to  the  Hilina  fault  system,  in  which  steep  fault  Karps 
are  common.  A similar  coastal  region  of  steep  terrain  occurs  on  the 
west  side  of  Mauna  Loa  and  probably  represents  lava-mantled  fauk 
Karps  (Norm ark  and  others,  1979). 

In  contrast  to  Mauna  Loa  and  Kilauea,  the  central  part  of 
Mauna  Kea  Volcano  is  capped  by  alkalic  lava  that  produces  steeper 
slopes.  Though  much  of  the  lower  parts  of  this  volcano  has  slopes 
between  3°  and  6°,  they  steepen  to  6°  to  9°  on  the  east  side.  The  [ 
upper  central  part,  however,  commonly  reaches  a maximum  slope  of 
1 4°.  The  steepest  average  slope  is  1 3°  and  occurs  at  an  elevation  of 
3,000  m (fig.  3.4X 

This  steeper  central  region  of  Mauna  Kea  is  a result  of  several 
factors.  Firstly,  the  alkalic  lava  Bows,  particularly  hawaiite  that 
erupted  from  vents  on  the  upper  slopes,  are  generally  somewhat 
richer  in  Si02  and  hence  more  viKous  than  the  alkali  basalt  flows  of 
the  lower  slopes  or  the  tholeiitic  basalt  flows  of  Mauna  Loa. 
Consequently  the  flows  are  thicker  and  pile  up  closer  to  the  vent. 
Secondly,  many  of  the  alkalic  flows  are  of  smaller  volume  than 
tholeiitic  flows  and  hence  flow  a shorter  distance,  thereby  piling  up 
near  the  summit.  Thirdly,  the  younger  lava  flows  of  Mauna  Kea 
were  not  erupted  from  long  rift  zones  as  cm  Mauna  Loa,  but  from 
vents  clustered  near  the  summit.  Finally,  the  alkalic  lava  of  Mauna 
Kea  is  apparently  rich  in  gas  and  has  built  dozens  of  rather  large 
cmder  cones  on  the  upper  parts  of  the  volcano.  These  steep 
pyroclastic  cones  are  concentrated  on  the  upper  part  of  the  volcano 
and,  with  the  lava  flows  that  pond  between  them  and  cover  them, 
tend  to  produce  a steep  cap  to  the  volcano. 

Haleakala  Volcano  on  East  Maui  (fig.  3.3)  is  steep  like 
Mauna  Kea,  also  in  part  because  of  its  cap  of  alkalic  lava.  The 
volcano  is  asymmetric,  being  sleeper  on  the  south  side,  both  above 
and  below  sea  level.  This  steep  south  side  may  result  from  faulting  or 
landsliding.  Slopes  on  the  upper  part  of  the  volcano  commonly 
exceed  17°  and  parts  of  the  south  slope  exceed  19°.  The  steepest 
average  slope  is  14°  and  occurs  at  1,700-m  elevation  (fig.  3.4X 

Some  of  the  localized  areas  of  sleep  subaerial  slope  resuh  from 
erosion  of  deep  canyons.  The  young  volcanoes  of  the  Island  of 
Hawaii  are  little  eroded  except  for  Kohala.  Sleep  slopes  on 
northeast  Kohala  result  from  several  major  stream-cut  canyons.  The 
canyons  of  north  Kauai  and  east  Molokai  also  generate  moderate 
areas  of  steep  slope  (fig.  3.3X 


SUBMARINE  SLOPES 

On  average,  submarine  slopes  on  the  Hawaiian  volcanoes  are 
steeper  than  subaenal  slopes  but,  like  their  subaerial  counterparts, 
generally  flatten  downward.  Consequently  the  submarine  slopes  are 
steepest  slightly  below  sea  level  on  a young  volcano,  and  near  sea 
level  this  steep  subaqueous  slope  meets  the  more  gentle  subaerial 
slope.  The  average  subaerial  slope  from  the  shoreline  of  Kilauea  and 
Mauna  Loa  up  to  about  2,000-m  elevation  is  about  4P.  Below  sea 
level  this  slope  steepens  abruptly  to  an  average  of  13u  at  500-m 
depth  (fig.  3.4X 


Not  only  does  the  slope  angle  increase  when  a lava  flow  passes 
from  land  to  sea,  but  a similar  phenomenon  occurs  where  a rift  zone 
crosses  the  shoreline.  Even  though  individual  lava  flows  issue  at 
many  points  along  the  rift  zone,  both  above  and  below  sea  level,  the 
axial  crest  of  the  rift-zone  ndge  plunges  more  steeply  below  sea  level. 
The  crest  of  the  east  rift  zone  of  Kilauea  plunges  an  average  of  1 . 5° 
for  30  km  from  the  summit  caldera  to  the  east  cape  of  the  island. 
Below  sea  level  the  rift  zone  extends  another  80  km  to  its  end  at 
5,500  m depth,  and  over  this  distance  the  crest  plunges  at  an 
average  angle  of  about  4°. 

This  marked  slope  change  at  the  subaerial-subaqueous  transi- 
tion zone  is  the  result  of  several  processes,  primarily  volcanic. 
Regional  slopes  are  modified  at  sea  level  by  erosion  and  by  growth  of 
coral  reefs.  However,  development  of  the  steepening  just  below  sea 
Icvd  on  the  young,  active  volcanoes  Mauna  Loa  and  Kilauea,  where 
erosion  and  reef  growth  are  minimal,  indicates  that  volcanic  proc- 
esses must  be  the  dominant  cause.  One  process  is  the  chilling  effect  of 
water  on  flowing  lava.  This  tends  to  increase  the  flows  effective 
vUcosity  and  cause  it  to  thicken  or  divide  into  pillowed  flow  lobes 
and  hence  flow  a shorter  distance,  thus  steepening  the  general  slope 
angle.  A second  process  is  the  disturbance  of  a lava  flow  crossing  the 
shoreline  by  vigorous  surf  action,  which  disrupts  flow  channels  and 
lava  tubes  and  causes  the  flow  to  divide,  spread,  and  flow  a shorter 
distance  over  a broader  front.  Both  of  these  processes  can  cause  a 
flow  to  break  up  into  solid  fragmental  material,  producing  a flow- 
foot  breccia  (Moore  and  Fiskc,  I969X  A third,  and  perhaps  the 
most  important,  process  depends  on  the  buoyant  effect  of  water  on 
the  propagation  of  a lava  flow.  When  a flow  crosses  the  shoreline  and 
enters  the  sea,  its  effective  density  drops  by  1 g/cm J.  The  flow 
cannot  move  downhill  on  the  same  slope  as  readily,  because  gravity 
exerts  less  force  on  it,  and  so  the  flow  will  thicken  and  spread 
laterally. 

The  net  effect  of  these  processes  that  inhibit  flow  of  lava  under 
water  is  to  cause  the  shoreline  to  be  extended  seaward  with  a gentle 
subaerial  slope  and  to  pile  lava  up  below  sea  level  at  shallow  depth, 
thus  creating  a steep  slope  below  sea  level.  This  marked  slope 
change  caused  by  the  subaerial -subaqueous  lava  transition  can  be 
identified  on  older  volcanoes,  where  it  occurs  at  considerable  depth 
(fig.  3.4X  The  depth  of  the  slope  change  is  a measure  of  the 
subsidence  that  the  volcano  has  undergone  since  the  slope  change 
was  created.  One  of  the  more  striking  feaures  of  the  slope  map  of  the 
Hawaiian  Ridge  is  the  presence  of  a zone  of  steep  slope  surrounding 
| all  of  the  islands.  The  steep  slope  surrounding  the  islands  of  Maui, 
Kahoolawe.  Lanai,  Molokai,  and  Oahu  marks  the  former  shoreline 
of  a giant  island  more  than  twice  the  size  of  the  present  Island  of 
Hawaii  (fig.  3.3X 


LANDSLIDES 

Because  of  its  youth,  great  height,  and  steep  slopes,  the 
Hawaiian  Ridge  is  the  site  of  numerous  landslides  that  occur  at 
widely  different  Kales.  Many  landslides  head  in  the  exceptionally 
steep  zone  originally  formed  just  below  sea  level.  Because  lava  flows 
apparently  do  not  propagate  readily  underwater,  mass  movement 
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Flex  KL  3. 1 . — Generalized  topography  and  bathymetry  of  toutheatlem  part  of  the  Hawaiian  Ridge  Contour*  in  meter*.  Dotted  line*  bound  mapor  Unddidr*;  da*h-dot  line* 

bound  age-progrrtsivr  segment*  of  refer,  numbered  1-6(1  i»  youngest} 


roust  be  an  important  process  in  carrying  volcanic  materia)  from  near 
the  shoreline  to  depth  in  order  to  maintain  a slope  in  equilibrium. 

Major  landslides  are  suggested  by  two  features  of  the  slope 
map:  I "hey  generally  head  on  a particularly  steep  segment  of  the 
subaerial -subaqueous  transition  zone,  but  they  are  flanked  by  even 
steeper  zones,  the  landslide  Having  reduced  the  slope  at  its  head. 
These  relations  are  evident  for  the  proposed  landslides  off  the  north 
coasts  of  Molokai  and  Oahu  (fig.  3.1;  Moore,  I964X  and  for  the 
Alika  landslide  off  the  west  coast  of  Hawaii.  The  landslide  north  of 
Molokai  heads  in  a region  where  the  maximum  regional  slope  is 
about  17°,  but  it  is  flanked  by  steeper  slopes  exceeding  19°.  ITie 
landslide  northeast  of  Oahu  likewise  heads  in  a region  with  max- 


imum slopes  generally  less  than  1 4°  but  is  flanked  by  slopes  as  steep 
as  19°.  The  Alika  landslide  off  west  Hawaii  heads  in  a region  with 
average  slopes  somewhat  exceeding  14°,  but  it  is  flanked  by  slopes 
exceeding  19".  Additional  steep  offshore  regions  of  Hawaii,  prone 
to  massive  submarine  landslides  such  as  these  three,  are  the  east 
coast  of  Kilauea  Volcano  north  of  the  the  cast  cape  of  the  island, 
and  the  south  coast  of  Mauna  Loa  Volcano  northeast  of  the  south 
cape  of  the  island  (fig.  3.3X 

Aside  from  these  major  landslides,  other  curious  features  of  the 
slope  map  are  probably  related  to  downslope  movement.  These  are 
arcs  of  steep  slope  at  moderate  depths  that  arc  separated  from  the 
main  steep  subaerial  subaqueous  transition  zone  by  a rrgion  of 
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FlGURL  3.2.  — Bathymetry  and  slope*  around  the  Island  of  1 1 aw  an  A.  Generalized  bathymetric  mop  Dashed  lines  on  the  island  are  boundaries  between  the  frve 
volcanoes  B.  Computer -generated  slope  map  of  same  region  (including  land  area*!  Slope  steepness  represented  bv  color -coded  intervals  defined  by  tangents  of 
slope  angle  measured  from  horizontal.  Each  color  represents  a slope-angle  range  of  about  2.  5°  (tee  also  table  3 I \ 
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FigLIKK  3.3  C-onjputrr  generated  slope  map  of  southeastern  part  of  the  Hawaiian  Ridge.  Slope  Mfrjxiot  represented  by  color -coded  interval*  defined  by  tangent*  of  angle  of  slope 

Kach  color  represent*  a dope-angle  range  of  about  5‘  (tee  also  table  3. 1 1 
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Tabi.f.  31.— -4nyfr\  of  %Icpr  afunvlcnl  ht  txtlun  ef  tangent  used  a*  intmvl  boundaries 
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.10 
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05 
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gentler  slope.  A prime  example  is  the  sleep  band  at  about  3,000  m 
depth  that  extends  from  Loihi  Seamount  off  the  south  coast  of  the 
Island  of  Hawaii  to  near  the  east  cape  of  the  island  (fig.  3.2). 
Others  appear  both  north  and  south  of  the  Alika  landslide  off  west 
Hawaii.  Iliese  arcs  of  anomalously  steep  terrane  seem  to  mark 
gravitationally  induced  creep  zones  where  the  volcano  Bank  is 
markedly  bulged  seaward.  The  probability  of  such  bulges  failing 
and  producing  major  submarine  landslides  is  not  known. 

SLOPE  CHANGES  WITH  AGE 

The  bathymetric  data  have  been  compartmentalized  into  six 
segments  (fig.  3.1)  representing  a volcanic  age  sequence  becoming 


progressively  older  toward  the  northwest.  The  southeasternmost 
segment  (number  I ) includes  Kilauca  and  Mauna  Loa  Volcanoes  on 
the  southern  part  of  the  Island  of  Hawaii.  This  segment  is  consid- 
ered typical  of  youthful  marine  volcanoes  because  it  includes  the 
youngest,  and  currently  most  active,  volcanic  systems.  The  remain' 
mg  segments  with  their  included  islands  and  general  age  of  comple- 
tion of  major  volcanic  growth  are,  from  southeast  to  northwest:  (2) 
north  Hawaii,  0.4  Ma;  (3)  east  Maui  and  Kahoolawe,  0.8  Ma; 
(4)  Molokai,  Lanai,  and  west  Maui.  I Ma;  (5)  Oahu,  2.5  Ma  and 
(6)  Kauai  and  Niihau,  5 Ma.  I*he  slope-depth  plot  of  each  of  these 
segments  is  compared  to  that  of  segment  1 so  that  departures  from 
the  assumed  original  volcanic  condition  can  be  evaluated  (fig.  3.4). 
These  departures  apparently  result  from  subsidence  of  the  volcanoes 
and  from  erosional  degradation. 

Hie  most  extreme  slope  change  of  all  the  segments  occurs  m 
segment  I near  sea  level  and  results  from  the  subaerial-subaqueous 
lava  transition.  The  average  slope  changes  from  about  4°  at  200  m 
above  sea  level  to  13°  at  500  m below  sea  level.  A similar  abrupt 
change  can  be  recognized  in  the  other  segments,  although  >1  is 
generally  deeper  and  less  distinct.  The  center  of  the  slope  change  in 
segment  2 is  1.3  km  below  sea  level;  in  3,  2.1  km;  in  4,  1.3  km;  in 
5,  1.3  km;  and  in  6,  1.0  km.  These  variations  of  the  depth  of  the 
slope  change  from  that  in  segment  1 are  believed  to  be  a measure  of 
volcano  subsidence  since  extension  of  the  shoreline  dunng  a major 
period  of  volcano  growth.  Many  of  the  areas  of  slope  change  are  less 
distinct  than  that  of  segment  I . This  results  from  the  fact  that  the 
averaging  technique  includes  different  shorelines  of  different  ages  and 


Fk.IRI  3.4.  — Smoothed  prcfilw  of  area  averaged  dope  agatnM  elevation  for  MX  segments  of  I be  Hawaiian  Ridge  (see  figure  3 I \ 'IV  trend  of  segment  I (south  Hawaii)  i» 

repeated  a*  dashed  Line  on  the  other  five  pint* 
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the  same  shoreline  which  has  been  warped  and  has  subsided 
different  amounts  (Moore,  chapter  2\ 

A marked  smoothing  of  the  lower  submarine  flanks  of  the 
volcanoes  appears  to  proceed  with  age.  On  segment  I the  slope 
below  the  subaerial -subaqueous  transition  undergoes  a general 
decrease  with  depth,  which  is  interrupted  twice  by  changes  toward 
steeper  slopes  which  are  the  bulges  previously  described.  The  first 
slope  change  increases  the  average  slope  2.3°  and  the  second  about 
1 . 7°.  On  segment  2 the  slope  decrease  is  interrupted  3 times  by 
slope  increases  of  1.3°,  1.7°,  and  2°.  Segment  4 shows  three  zones 
of  slope  increase  of  1.3°,  0.2°,  and  0.4°.  Segment  5 has  only  one, 
of  0.6°,  and  segment  6 has  no  zones  of  increase  in  slope  below  the 
transition  zone. 

Smoothing  of  the  lower  flanks  is,  moreover,  accompanied  by  a 
general  reduction  of  slope,  so  that  all  the  zones  of  steep  slope  seem  to 
have  been  removed  (see  segment  6 area  on  figures  3. 3 and  3.4).  The 
arcuate  zones  of  steep  slopes  on  the  mid- depth  submarine  slopes  of 


the  younger  volcanoes  are  missing  on  the  older  ones.  Some  form  of 
mass  wasting,  requiring  several  million  years  to  be  effective,  seems  to 
smooth  and  flatten  the  lower  slopes  of  these  giant  volcanoes. 
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SUBMARINE  TOPOGRAPHY  AROUND  THE  HAWAIIAN  ISLANDS 


By  Daniel  J.  Fornari1  and  J.  Frisbee  Campbell2 


ABSTRACT 

The  submarine  topography  around  the  Hawaiian  Islands 
reflects  the  time- integrated  effects  of  volcanism.  Pacific-plate 
tectonic  fabric,  island  subsidence,  sedimentation,  gravitational 
collapse  of  unbuttressed  volcano  sides,  and  low-relief  debris 
flows  that  transport  shallow- water  carbonate  and  volcano  genic 
sediment  to  greater  depths  on  the  submarine  slope.  First-order 
topographic  relief  around  the  islands  is  created  by  the  sub- 
marine extensions  of  volcanic  rift  zones.  The  height  above  the 
surrounding  abyssal  sea  floor  and  the  topographic  roughness  of 
these  rifts  are  inversely  proportional  to  the  age  of  the  adjacent 
volcano.  Second-order  sea-floor  relief  around  Hawaii  is  typified 
by  Cretaceous  seamounts  that  lie  west  of  Hawaii  and  a few 
young  volcanoes,  including  Loihi  Seamount,  direcly  south  of 
Hawaii.  In  addition  to  these  obvious  volcanic  seamounts,  a 
group  of  flat-topped  mounts  and  small  cones  (Oahu  Seamounts) 
extends  to  the  northeast  from  the  Island  of  Oahu.  More  subtle 
relief  on  the  slumping  of  large  sections  of  unbuttressed  volcano 
flanks.  These  slumps  form  prominent  steps  on  the  otherwise 
regular,  steep  submarine  slopes.  Relief  created  by  localized 
debris  flows  of  surficial  sediment  and  carbonate'volcanic  rubble 
is  usually  less  than  50  m;  however,  this  process  appears  to  be 
active  on  all  Hawaiian  submarine  slopes  investigated  with  Sea 
MARC  11  side-scan  sonar  and  may  be  the  principal  agent  for 
downslope  sediment  transport.  Finally,  reef  development  on  the 
shallow  parts  of  older,  subsided  volcanic  foundations  forms 
wide,  low-gradient  platforms  that  have  karst-like  microtopogra- 
phy. 


INTRODUCTION 

The  strategic  location  of  the  Hawaiian  Islands  for  oceanic 
ocploralion  and  the  commerce  that  followed  has  resulted  in  the  study 
of  their  natural  history  and  geologic  evolution  since  the  1700  s.  They 
have  been  a focus  of  marine  research  for  the  past  50  years,  and  much 
literature  has  been  devoted  to  various  aspects  of  Hawaiian  marine 
geology  and  geophysics.  The  principal  aim  of  this  paper  is  to 
summarize  the  major  topographic  elements  of  the  sea  floor  around 
Hawaii  and  to  present  new  graphical  and  remote-sensing  images  of 
the  sea  floor  around  several  of  the  islands.  Only  brief  background 
information  is  offered,  because  much  of  the  detailed  information  has 
already  been  discussed  in  the  references  we  cite.  In  addition,  other 
papers  in  this  volume  discuss  specific  topics  that  bear  upon  the 
development  of  the  sea  floor  topography  around  the  Hawaiian 
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; Islands.  In  particular,  questions  relating  to  island  subsidence,  car- 
bonate-platform development,  and  submarine  canyons  are  discussed 
i in  papers  by  Mark  and  Moore  (chapter  3)  and  Moore  (chapter  2). 

Data  on  Loihi  Seamount  is  discussed  by  Malahoff  (chapter  6X  and 
i the  evolution  of  Hawaiian  submarine  rift  zones  is  presented  by 
Foman  (chapter  5 X 
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REGIONAL  BATHYMETRY 

The  regional  bathymetry  around  the  Hawaiian  Islands  (fig. 
4. 1 ) has  been  mapped  by  numerous  oceanographic  institutions,  the 
U.S.  National  Ocean  Survey,  and  the  U.S.  Navy  (see,  for 
example,  Chase  and  and  others,  1971;  Chase  and  others,  I960; 
Wilde  and  others.  I960,  and  references  therein X The  principal 
regional  bathymetric  features  are  the  Hawaiian  Deep  and  the 
Hawaiian  Arch  (fig.  4.2),  which  are  topographic  manifestations  of 
lithospheric  flexure,  superimposed  on  the  regional  swell  of  the 
Hawaiian  Ridge,  that  result  from  the  load  of  the  volcanic  islands  on 
the  oceanic  lithosphere  (Betz  and  Hess,  1942;  Dietz  and  Menard, 

! 1953;  Hamilton,  1957;  Menard.  1964;  W'atts.  1976;  Wratts  and 
others,  I985X  The  Molokai  Fracture  Zone  (fig.  4.2)  represents  a 
diffuse  zone  of  elongate  troughs  that  reach  depths  below  5.000  m to 
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Fk.LHJ.  4 1 — Computer -drawn  perspective  model  of  the  ocean  floor  around  the  Hawaiian  Islands.  Data  bate  from  Chase  and  others  ( I960)  and  Wide  and  others  (I960)  and  bathymetric  charts  of  the  U.S.  National  Ocean 
Survey  (Nautical  Chart  Catalog  No.  2.  Panels.  B.  C.  L)  Bathymetric  contour  mlerval  1.000  m.  grid  spacing!  between  nodal  points  <£.. -W. ) 1 ,667. 16  ra.  and  (N.-S.)  1 .674  87  m SubaenaJ  contours  from  U.S. 
GeologKal  Survey  topographic  map  senes  Black  areas  on  land,  historical  lava  flows  (drawn  from  U.S.  Geological  Survey  I 100,000  senes  maps  and  Sc  lent  Ac  hvral  Alert  Network  Bulletin.  Smithsonian  Institution, 
June  JO,  1963).  Red  areas  on  land,  1963  lava  flows  from  the  east  rift  rone  of  Ktlauea.  Green  areas,  older  slopes  of  inactive  volcanoes  See  figure  4.2  for  geographic  names  Vertical  exaggeration  • 5.  Provided  by 
Dynamic  Graphics  Inc  . Berkeley,  Cahf 
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FIGURE  4.2.  — Bathymetry  around  the  principal  Hawaiian  Islands.  Contour  interval  500  m,  simplified  from  Wilde  and  others  <1900).  Sues,  viewing  direction!,  aod  area* 
covered  in  mne  other  figures  are  a ho  indicated.  Volcanoes  on  the  Island  of  Hawaii:  KO,  Kohala.  MK,  Mauna  Kra;  H.  1 limlalni;  ML.  Maona  Loa.  Kl.  Kilauea 
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FlCUKi.  4. 3.  — Computer -<Jr«wn  prrtprclivr  model  of  the  tea  floor  on  wrUrrti  flank  of  Hawaiian  Ridge  from  f lawan  to  Oahu,  looking  approximately  north  Contour  interval 
300  m View  point  and  direction  marked  on  figure  4.2-  Elevation  of  view  pomt  » 5.285  m above  sea  level.  Data  base  is  same  as  for  figure  4 I Vertical  exaggeration 
X 5.  Provided  by  Dynamsc  Graphics  Inc..  Berkeley.  Cald. 


the  cast  of  the  Hawaiian  Arch.  The  fracture  zone  topography 
narrows  considerably  within  the  arch  and  is  likely  to  be  responsible 
for  the  Unrated  contour  pattern,  trending  west -northwest,  found  on 
the  carbonate  platform  east  of  Molokai.  Indeed,  the  principal  trends 
of  the  subaerial  and  submarine  rift  zones  of  the  East  and  West 
Molokai  Volcanoes  are  subparallel  to  the  fracture-zone  trend  and 
are  likely  to  have  been  partly  controlled  by  it  (Furumoto  and 
Woollard,  1965;  Strange  and  others,  1965;  Moberly  and  McCoy. 
1966;  Malahoff  and  Woollard.  1968* 

DETAILED  SEA  FLOOR  TOPOGRAPHY,  HAWAII 
TO  OAHU 

A computer-drawn  perspective  model  of  the  sea  floor  around 
the  southern  Hawaiian  Islands  (produced  by  Dynamic  Graphics 
Inc.,  of  Berkeley,  California)  is  shown  in  figure  4.1.  The  data  base 
used  to  generate  this  figure  is  from  Chase  and  others  (I980X  Wilde 
and  others  (1980X  and  bathymetric  charts  of  the  U.S.  National 
Ocean  Survey.  The  bathymetric  data  were  gndded,  digitized  as  a 
set  of  43,000  x,  y,  and  z coordinates,  and  then  used  to  calculate  a 
surface  model  of  least  tension  in  the  form  of  a rectangular  grid.  The 
grid  model  contains  480,000  grid  points  (800  x 600)  and  was 
calculated  by  the  Surface  Gridding  Library  program  of  DGI.  The 
bathymetric  map  in  figure  4.2  shows  the  plan -view  contours  of  most 


of  the  area  of  figure  4. 1 and  serves  to  locate  the  islands  and 
seamounts,  the  starting  points  and  azimuths  of  the  perspective  views 
shown  in  figures  4. 3-4. 5,  and  the  location  of  other  Bgure  areas. 

Three  principal  topographic  elements  are  present  on  the  sea 
floor  shown  in  figure  4. 1 . They  arc  ( I ) the  submarine  extensions  of 
subaerial  volcanic  rift  zones;  (2)  old  and  young  seamounts;  and  (3) 
carbonate  platforms.  In  addition  to  these  major  topographic  fea- 
tures. there  are  several  subtle  steps  in  the  western  submarine  slope  of 
Hawaii  (sec  figs.  4. 3-4. 5)  that  we  interpret  to  be  large-scale 
gravitational  slumps  of  parts  of  Mauna  Loa  and  Hualalai  Vol- 
canoes. One  of  these  features  is  the  already  recognized  Alika  slide  of 
Normark  and  others  (1979). 

SUBMARINE  RIFT  ZONES 

Each  principal  island  within  the  I lawaiian  chain  is  composed 
of  several  volcanoes;  consequently,  the  submarine  flanks  of  each 
island  are  dominated  by  rift  zone  ridges  that  may  have  as  much  as 
3,000  m of  relief  above  the  surrounding  abyssal  sea  floor,  ihcsc 
submarine  ridges  are  oriented  in  three  principal  directions:  east  to 
northeast,  south- south  west,  and  northwest.  A detailed  discussion  of 
the  submarine  topography  and  structure  of  the  submarine  nfts  of 
Hawaii  is  presented  m Fornari  (chapter  5).  In  general,  however,  the 
total  relief  and  topographic  roughness  of  Hawaiian  submarine  rifts  is 
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Figure  4.4. — Interpretative  sketch  of  view  teen  in  figure  4.3  showing  position*  of  large  gravitational  slide  blocks  on  tile  west  ftank  of  Island  of  Hawaii.  Contour  interval 

500  m 


greatest  next  to  the  most  active  volcanic  centers.  The  prominent 
asymmetry  in  the  across-strike  profiles  of  some  of  these  submarine 
ridges  can  be  directly  attributed  to  the  mobility  of  ndge  flanks  that 
are  not  buttressed  by  an  adjacent  volcano  (Fomari,  chapter  5; 
Steams  and  Macdonald,  1946;  Fiske  and  Kinoshita,  1969;  Kiskc 
and  Jackson.  1972;  Koyanagi  and  others,  1972;  Swanson  and 
others,  1976;  Lockwood,  1979;  Lipman,  1980). 

The  nearshore  morphology  of  the  submarine  rifts  changes  as 
the  islands  subside  (figs.  4. 1 , 4.2;  Moore,  chapter  2;  Moore,  1970; 
Moore  and  Fomari.  1984).  The  shape  and  development  of  the 
carbonate  platform  that  surrounds  and  lies  between  the  Islands  of 
Maui  and  Oahu  have  been  largely  controlled  by  the  rift  topography 
of  East  and  West  Molokai  Volcanoes,  as  well  as  that  of  Waianae, 
Koolau  and  Penguin  Banks(?)  Volcanoes,  parts  of  which  now  lie 
buried  beneath  a carbonate  and  sediment  cover  (Gregory  and 
Kroenke.  1982).  Off  northwestern  Hawaii,  the  northwest  rift  zone 
of  Hualalai  forms  the  southern  boundary’  of  the  Kohala  terrace,  the 
wide  platform  that  extends  northwestward  between  I lualalai  and 
Kohala  Volcanoes.  Flows  ponded  between  Hualalai s rift  and 
Kohala  s northern  rift  zone  created  a broad,  buttressed  volcanic 
foundation  that  gradually  subsided  but  was  not  subject  to  large-scale 
gravitational  slumping;  hence  this  was  an  ideal  environment  for  reef 
buildup  and  platform  development  (Campbell  and  Erlandson. 
1979,  1981;  Campbell,  1984).  For  a further  discussion  of  the 
subsidence  history  of  the  Hawaiian  Islands  and  the  development  of 


carbonate  platforms  and  reef  terraces  the  reader  is  referred  to 
Moore  (chapter  2\ 

SEAMOUNTS 

Important  second-order  topography  around  the  Hawaiian 
Islands  that  is  created  by  seamounts  is  also  depicted  in  figures  4. 1 
and  4.2.  Most  of  the  seamounts  that  lie  west  of  Hawaii  are  older 
features  (see,  for  example,  Moore,  1965;  Francheteau  and  others, 
I970X  generally  considered  to  be  approximately  Cretaceous  in  age, 
that  were  probably  created  at  or  near  a ndge  axis.  Fhe  alignment  of 
the  main  cluster  of  seamounts  is  generally  northeast -southwest; 
however,  two  separate  lineaments  appear  to  meet  at  Pcrret  and 
Jagger  Seamounts  to  form  a V'  shape  pointing  northeast.  This  V 
shape  and  the  curious  butterfly-like  shape  of  Ferret -Jagger  Sea- 
mounts (fig.  4.2)  imply  a possible  tectonic  control  on  volcanism  (the 
linealion  is  oblique  to  the  trend  of  the  Molokai  Fracture  ZoneX 
These  seamounts  have  not  been  studied  in  great  detail,  however,  and 
their  precise  origin  and  volcanic  history  are  unknown. 

A few  seamounts  south  of  Hawaii  (Dana  and  Apuupuu)  may 
be  genetically  related  to  Hawaiian  volcanism.  Loihi  Seamount, 
located  35  km  south  of  Kilauea  s south  flank,  is  clearly  a I lawaiian 
volcano  and  has  been  the  subject  of  several  deep-sea  camera, 
dredging,  and  bathymetric  surveys,  and  earthquake  studies  (Mai 
ahoff,  chapter  6;  Moore  and  others.  1979;  Malahoff  and  others, 
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FIGURE  4. 5.  — Computer-drawn  model  of  tea  floor  off  touthwetiem  part  of  Island  of  Ha  wan,  (Sowing  prominent  tlep  and  bulge  w the  dope  created  by  the  Kauna  side. 
Alika  thde  of  Nonnark  and  otben  { 1979)  it  low,  broad  bulge  to  north  of  Kauna  block.  Contour  interval  500  m.  View  point  of  perspective  located  1 . 162  m below  tea 
lewd;  it  and  direction  of  view  marked  on  figure  4.2.  Apuupuu  Seamount  rn  background  Lothi  Seamount  hidden  behind  ndge  created  by  tubraarine  continuation  of 
Mauna  Loat  southwest  rift  rone.  Vertical  euggaaiion  x5.  Provided  by  Dynamic  Graphic*  Inc.,  Berkeley.  Calif, 


1982;  Moore  and  others,  1982;  Klein,  1982).  This  submarine 
volcano  rises  4,000  m above  the  surrounding  abyssal  floor  and  its 
topography  is  dominated  by  an  elongate  rift -zone  ndge  that  extends 
to  the  south  from  summit  pit  craters.  The  diverse  suite  of  alkalic  to 
tholeiitic  pillow  basalts  recovered  from  Loihi  has  led  to  new  perspec- 
tives on  the  classical  so-called  thoeliitic  shield- building  stage  of 
Hawaiian  volcanism,  and  the  chemistry  of  mafic  inclusions  recovered 
in  the  dredge  hauls  promises  to  further  refine  models  of  Hawaiian 
petrogenesis  and  volcanic  history  (Moore  and  others,  1982; 
Staudigel  and  others,  1984).  Detailed  U.S.  Navy  SASS  multi- 
beam  bathymetry  and  ANGUS  camera  tows  over  Loihi  (Malahoff, 
chapter  6;  Malahoff  and  others,  1982)  reveal  that  most  con- 
structional volcanism  is  restricted  to  the  summit  pit  craters  and 
shallower  parts  of  the  southern  and  northern  rift  zones,  whereas 
most  of  the  flanks  are  covered  by  clastic  volcanic  rocks  and 
hemipelagic  sediment.  These  data  suggest  that  Hawaiian  volcanoes 
develop  submarine  rift  zones  and  shallow-level  magma  reservoirs 
early  in  their  development.  Additionally,  the  north-south  elongation 
of  Loihi  appears  to  be  partially  controlled  by  the  presence  of  Mauna 
Loa  s southwest  nfl  zone  to  the  west . ITus  physiography  agrees  with 
the  predictions  made  by  Fiske  and  Jackson  (1972)  regarding 


volcano  shape  and  rift  zone  orientation  and  the  genetic  dependence 
of  these  two  parameters  on  the  locations  of  prcoci&ting  edifices. 

A group  of  flat -topped  seamounts  of  more  problematic  origin  is 
located  northeast  of  Oahu  (Oahu  seamounts,  see  figs.  4.1,  4.2). 
After  analyzing  bathymetric  charts  of  this  area,  Moore  (1964) 
suggested  that  these  topographic  highs  are  landslide  blocks  created 
by  large  slumps  that  affected  the  northeastern  slope  of  Oahu  and,  to 
a lesser  «tent,  the  northern  slope  of  Molokai.  A close  inspection  of 
the  sea-floor  topography  in  figure  4. 1 and  the  contours  in  figure  4.2 
shows  two  prominent  tongue-like  features  at  the  base  of  the  northeast 
slopes  of  Oahu  and  Molokai.  One  feature  attends  northeast  from 
Oahu  at  depths  between  2,000  m and  4,000  m,  and  the  other 
attends  north  from  Molokai  at  depths  between  3,000  m and  4,000 
m,  At  the  head  of  each  tongue  is  an  amphitheater  like  reentrant  in 
the  regional  slope  contours  (fig.  4,2).  These  bathymetric  features 
could  represent  large  gravitational  slides  that  have  affected  the 
unbuttressed  parts  of  volcanoes  on  each  island.  This  area  has  been 
resurveyed  using  sparker  and  air-gun  reflection  profiling  equipment 
(Andrews  and  Bainbridge.  1972)  and  more  recently  with  multi- 
channel seismic  reflection  methods  (A.B.  Watts,  oral  common. . 
I983X  Andrews  and  Bainbridge  (1972)  concluded  that  the  lobatr 
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structures  at  the  base  of  Oahu’s  northeast  slope  resulted  from 
transport  of  detrital  sediment  by  turbidity  currents  that  were  chan- 
nelled down  submarine  canyons  and  deposited  their  load  over 
preexisting  basement  highs. 

We  agree  with  Moore  (1964)  that  these  basement  highs  could 
be  large  slump  blocks.  The  prominent  disruption  of  bathymetric 
contour  trends  along  the  northeast  coast  of  Oahu  and  north  coast  of 
Molokai  indicates  that  these  island  flanks  have  probably  been 
subjected  to  gravitational  mass-wasting  processes  and  that  surhcial 
sediment  has  been  transported  downs  lope  by  rubble  slides  and 
turbidity  currents  (Mathewson,  1970;  Andrews  and  Bainbridge, 
1972) 

The  origin  of  the  seamounts  that  extend  seaward  from  the 
edges  of  these  probable  slump  blocks  is.  however,  quite  different. 
Available  bathymetric  data  indicate  that  several  of  the  smaller 
topographic  highs  form  well -developed  closed -contour  peaks  similar 
to  many  small  volcanic  seamounts  that  dot  the  Pacific  Basin.  The 
larger  features  seem  to  have  been  formed  by  two  volcanoes  coalesc- 
ing together  to  form  a crude  figure  8 or  bow-tie  shape.  The 
prominent  flat  top  of  Tuscaloosa  Seamount,  the  principal 
topographic  high  in  the  group,  is  rather  large  but  not  unusually  so  in 
the  context  of  Pacific  guyots  (see,  for  example,  Menard,  1984;  Vogt 
and  Smoot,  1984)  In  addition.  Andrews  and  Bainbridge  (1972) 
determined  that  the  topographic  highs  in  the  Oahu  Seamount  group 
have  controlled  sediment  deposition  around  the  seamounts  and  that 
the  sedimentary  layers  seen  on  seismic  reflection  records  are  not 
distorted  or  chaotic,  as  would  be  expected  if  they  had  been  emplaced 
by  slumping  or  sliding.  Unpublished  multichannel  seismic  records 
from  north  and  east  of  Oahu  (A.B.  Watts,  oral  commun..  1985) 
do  not  show  any  evidence  of  lystric  or  other  faults  between  the 
seamounts  or  of  distortion  of  sedimentary  layers.  In  addition,  the 
large  distance  between  Tuscaloosa  Seamount  and  the  Oahu  shelf 
(approx.  85  km)  decreases,  in  our  opinion,  the  probability  that  such 
large  volumes  of  material  could  be  transported  across  the  slope. 

Whereas  the  topography  at  the  southwest  end  of  the  Oahu  sea- 
mounts is  bkdy  to  have  been  created  by  large  landslides,  we  suggest 
(along  with  Andrews  and  Bainbridge,  1972)  that  the  isolated 
topographic  highs  in  the  central  and  northeastern  part  of  the  group 
are  older  (Cretaceous?)  partially  buried  volcanic  edifices  and  that 
some  may  be  guyots.  These  seamounts  are  not  aligned  along  any 
known  nft  zone  that  extends  from  Oahu.  In  fact,  the  trend  of  the 
group  is  perpendicular  to  the  strike  of  the  Koolau  volcanic  range. 
The  Oahu  seamounts  have  summit  depths  and  shapes  that  are 
similar  to  those  of  seamounts  m the  Musicians  Seamount  group, 
located  north  of  Oahu  (Rea  and  Naugler.  1970) 

GRAVITATIONAL  SLUMP  BLOCKS 

A model  produced  by  DGI  of  the  west  flank  of  the  Hawaiian 
Ridge  is  shown  in  figure  4.3.  The  starting  viewpoint  and  azimuth  of 
the  perspective  shown  in  figure  4.3  are  marked  on  figure  4.2.  Ilie 
most  interesting  features  displayed  by  this  bathymetric  compilation 
are  the  pronounced  steps  in  the  morphology  of  the  basal  slope  of  the 
ridge  These  prominent  steps  in  the  otherwise  steep  slopes  of  the 
Hawaiian  Ridge  are  likdy  to  reflect  large-scale  gravitational  slump- 


ing of  parts  of  the  volcanoes  that  have  not  been  buttressed  during 
their  growth  and  development.  A line  drawing  of  the  model  shown  in 
figure  4.3  appears  as  figure  4.4  on  which  the  most  obvious  slump 
blocks  have  been  shaded.  It  is  apparent  from  these  graphical 
representations  of  bathymetry  that  the  tops  of  most  slide  blocks  lie  at 
depths  of  2.000-2,500  m.  The  exception  is  the  southwest-nft  slide 
(fig.  4.3)  which  is  much  shallower  (1,000-1,500  m)  and  is 
probably  the  youngest  feature  of  this  kind  on  the  western  flank  of 
Hawaii.  The  shallower  depth  of  the  southwest-rift  slide  is  likely  to 
result  from  its  position  near  the  submarine  extension  of  Mauna  Loas 
southwest  rift  zone  and  the  short  time  over  which  it  could  have 
subsided  since  its  formation.  The  coincidence  in  top  depths  of  most 
of  the  slide  blocks  shown  in  figure  4.4  may  be  a function  of  the 
integrated  effects  of  volcano  growth,  island  subsidence,  and  over- 
steepening  of  the  flanks  to  a critical  point  after  which  they  are 
gravitationally  unstable. 

The  Alika  slide  (Nonnark  and  others,  1979)  is  the  best 
studied  slump  in  this  area;  it  shows  up  on  figures  4. 3-4. 5 as  a 
broad,  low  bulge  in  the  lower  southwest  flank  of  Hawaii.  This 
feature  covers  a depth  range  between  2,000  m and  the  base  of  the 
island  slope  at  4,000  m.  Normark  and  others  (1979)  have  mapped 
the  entire  area  of  the  slide  using  airgun,  3.5-kHz  echo-sounder,  and 
gravity  measurements  and  found  that  it  is  approximately  200  m thick 
at  the  toe  and  covers  an  area  20-25  km  wide  and  nearly  80  km 
long. 

The  Kauna  slide  is  a more  prominent  bulge  to  the  south  of  the 
Alika  slide  and  has  nearly  2,000  m of  relief  from  the  top  of  the  step 
to  the  foot  of  the  block  (figs.  4. 3-4. 5)  Emplacement  of  the  Kauna 
block  most  likely  predated  the  movement  of  the  Alika  slide,  because 
it  appears  to  have  channelled  the  Alika  flow  along  its  northern 
margin. 

A similar  but  much  less  prominent  step  is  present  on  the  central 
south  flank  of  Hawaii,  between  2,500-m  and  3,000-m  depth  (figs. 
4. 1 , 4.2;  see  also,  Moore,  chapter  2X  southeast  of  the  Papau  slide 
i (Fomari  and  others,  1979b)  On  the  southwest  side  of  Oahu  (figs. 

4.1,  4.2)  a prominent  break  in  the  slope  at  2,500-m  depth  is  likely 
| to  represent  the  top  of  a major  slump  block  or  group  of  blocks  that 
j developed  on  the  unbuttressed  southwest  flank  of  the  Waianae 
Range.  Alternatively  this  feature  may  be  the  top  of  an  older  volcano 
that  is  now  partially  buried  by  the  Waianae  Range. 

The  development  of  these  large  slump-block  features  on  the 
flanks  of  Hawaiian  volcanoes  suggests  that  gravitational  failure  of  the 
slopes  is  an  important  process  that  alters  the  original  constructional 
slopes  of  volcanoes  during  the  early  and  mature  shield -building 
stages.  This  process  restabilizes  the  edifice,  widening  its  base,  and 
creates  prominent  steps  in  the  steep  submarine  slopes.  It  is  not  known 
if  the  gravitational  failures  take  place  principally  subaqueoutly  or 
subaenally,  nor  whether  the  relief  created  by  these  features  repre- 
sents the  aggregate  of  many  episodes  of  slumping  and  mass-wasting 
or  only  a few  events  of  enormous  proportions. 

A possible  answer  to  these  questions  may  be  found  through  the 
study  of  the  I lihna  fault  system,  a series  of  subparallel  and  echelon 
faults  that  trend  northeast  on  the  south  flank  of  Kilauea  Volcano. 
Swanson  and  others  (1976)  and  Idling  and  others  (1976)  have 
demonstrated  that  the  Hihna  faults  result  from  gravitational  dumping 
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Figure  4.6.  — Character  of  sea  boUcro  off  w«|  coast  of  Island  at  Hawaii.  A. 
Tracing  of  3.5-kHl  erho-sounding  profile  (i *r  figures  4.2  and  4.4  for  location). 
Steep  slope  at  left  is  base  of  Hualalai  Volcano.  Just  seaward  of  slope  is  smooth 
sediment  pond  that  appears  to  cover  large  blocks,  represented  by  hyperbolic  echos, 
that  appear  farther  offshore.  Horizontal  scale  is  time;  ship  was  moving  at 
approximately  10  knots.  B,  Sea  MARC  II  side-scan  sonar  record  of  approximate 
area  shown  in  A.  Steep  slope  is  represented  by  strong  reflection  at  left  of  image, 
the  large  blocks  as  discrete  reflections  to  right 


of  the  south  flank  of  Kilauea.  The  slumping  is  induced  by  injection  of 
magma  into  the  east  rift  zone,  thereby  dilating  the  rift  and  forcing  it 
to  expand  southward,  in  the  direction  it  is  not  buttressed.  These 
faults  are  a part  of  the  initial  stage  of  synconstructional  edifice 
modification;  they  are  known  to  continue  out  onto  the  submarine 
slope  and  have  probably  localized  subsequent  gravitational  failures 
along  their  fault  planes.  The  total  relief  created  by  the  Hilina  fault 
system  is  approximately  600  m,  and  the  relief  on  a few  individual 
scarps  is  as  hjgh  as  300-450  m (Macdonald  and  others,  1983). 
The  faults  of  the  Hilina  system  may  be  viewed  as  modern-day 
analogs  of  faults  (and  fault  systems)  that  now  lie  buned  on  the  west 
flank  of  the  Island  of  Hawaii  whose  cumulative  activity  and  relief 
have  created  the  large-scale  gravitational  slumps  mapped  on  figures 
4. 3-4. 5.  Smaller  scale  features  such  as  the  Alika  slide  and  Papau 
slide  are  likely  to  represent  individual  slide  events  in  an  area  prone  to 
gravitational  collapse. 

The  development  of  prominent  steps  on  the  basal  flanks  of 
many  of  the  Hawaiian  Islands  (and  probably  other  volcanic  oceanic 
islands)  is  controlled  by  the  distribution  of  buttressing  rift  zones  and 


gravitational  mass-wasting  of  unbuttressed  volcano  sides.  Clearly, 
large-scale  gravitational  mass-wasting  of  volcano  flanks  is  responsi- 
ble for  the  development  of  subtle  but  nonetheless  important 
bathymetric  features  around  Hawaii  and  probably  around  other 
oceanic  volcanic  islands  as  well  (for  a ample.  Reunion  Island, 
Duffield  and  others.  1982;  Dallas  Jackson,  written  commun., 
1985). 

LOW-RELIEF  SUBMARINE  RUBBLE  AND  DEBRIS  FLOWS 

The  large-scale  topographic  features  of  the  sea  floor  around 
Hawaii  that  are  discussed  above  are  easily  resolved  with  standard 
bathymetric  sonar  tools.  The  investigation  of  smaller  relief  features 
and  the  microtopography  of  the  sea  floor  has  necessitated  the 
development  and  use  of  sophisticated  side -looking  sonar  systems  that 
measure  the  acoustic  reflectivity  of  the  sea  floor.  The  most  successful 
system  of  this  kind  is  the  Sea  MARC  system,  developed  by 
International  Submarine  Technology  of  Redmond,  Washington. 

The  Sea  MARC  II  system,  operated  by  the  Hawaii  Institute 
of  Geophysics  of  the  University  of  Hawaii,  has  been  used  in  several 
surveys  of  the  submarine  flanks  of  Hawaiian  volcanoes  (Blackinton 
and  others,  1983;  Campbell,  1983;  Campbell  and  Hussong,  1983; 
Foman,  1984;  Niedoroda  and  others,  1985).  The  technical  details 
of  the  system  have  been  described  by  Kosalos  and  others  ( 1 982)  and 
Blackinton  and  others  (1983).  This  system  operates  at  12  kHz,  can 
uisonify  a swath  of  sea  floor  as  large  as  1 0 km  wide,  and  can  resolve 
linear  sea  floor  topopgraphic  features  as  small  as  5-10  m high  and 
several  tens  of  meters  long  at  survey  speeds  as  great  as  8 knots. 
Lateral  changes  in  sea-floor  reflectivity  can  be  mapped  and  corre- 
lated to  possible  structural,  morphologic,  and  sedimentologic  facies. 

An  example  of  the  use  of  the  Sea  MARC  II  system  is 
presented  in  figure  4.6,  which  shows  a 5-km-wide  swath  of  sea  floor 
in  the  Hawaiian  Deep,  west  of  Keahole  Point  on  the  Island  of 
Hawaii.  The  Sea  MARC  II  data  show  blocks  as  large  as  one 
kilometer  in  length  and  several  tens  of  meters  high  that  appear  to  be 
randomly  scattered  on  the  bottom.  A dive  made  near  this  location  by 
the  Navy  submersible  Trieste  found  blocks  reported  to  be  the  size  of 
houses  scattered  on  the  bottom.  Fhcse  blocks  are  likely  to  be  the 
deposits  that  were  generated  by  one  of  the  large  gravitational  slides 
located  along  this  unbuttressed  part  of  Hualalai  Volcano. 

Another  principal  result  of  the  Sea  MARC  II  surveys  around 
the  Hawaiian  Islands  has  been  the  recognition  of  extensive  nibble 
and  debris  flows  and  their  deposits  on  the  steep  submarine  flanks  of 
the  volcanoes.  A mosaic  of  Sea  MARC  II  side-scan  sonar  images 
(fig.  4.7)  shows  part  of  the  Alenuihaha  Channel  and  the  deep 
channel  that  separates  the  Island  of  Maui  from  Hawaii,  and  an 
interpretative  geologic  sketch  map  of  the  principal  features  of  this 
sonar  mosaic  is  shown  in  figure  4.8. 

Three  major  bathymetric  features  are  present  in  the  area  shown 
in  figure  4.8.  These  arc  the  Kohala  terrace,  the  northern  slope  of 
Kohala  Volcano,  and  the  southern  slope  of  Haleakala  Volcano  on 
Maui.  As  can  be  seen  on  figure  4.7,  nearly  the  entire  submarine 
slope  of  I laleakala  is  covered  by  sinuous  and  branching  patterns  of 
high  reflectivity,  separated  by  linear  acoustic  shadows,  which  we 
have  interpreted  as  being  debris  flow- lobes  and  channels.  In  several 
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FIGURE  4.7. — Sea  MARC  II  side-lean  sonar  linage  of  (he  Alenuihaha  Channel  (o  south  of  Island  of  Maui.  Dark  areas  on  records  are  reflections  from  either  hard, 
reverberant  tea  floor  (such  as  volcanic  rock  or  pavements  with  little  sediment  cover),  or  from  linear  relief  that  rises  above  surrounduig  sea  floor.  Light  areas  are  acoustically 
less  reflective  and  represent  sediment -covered  bottom  or  sea  floor  in  complete  or  partial  acoustic  shadow  (varied  shades  of  grayX  See  hgure  4.8  for  interpretative  map  and 
Campbell  (1983)  for  detailed  description  of  this  sea-floor  area. 


cases  one  can  see  thal  debris  flows  have  been  channelled  by  cuts  and 
reentrants  in  flow  fronts  or  scarps  that  trend  across  the  slope.  These 
flow  fronts  or  scarps  create  strong  reflections  on  the  sonar  images, 
implying  that  they  have  vertical  or  near-vertical  faces.  The  total 
relief  of  these  features  may  be  as  much  as  100-200  m;  the  relief  on 
individual  flow  fronts  or  scarps,  however,  is  likely  to  be  on  the  order 
of  a few  tens  of  meters,  given  the  width  of  the  returned  signal  and  the 
difficulty  in  resolving  these  narrow  features  by  conventional  echo 
sounding.  In  comparison,  the  Sea  MARC  II  image  of  the  northern 
submarine  flank  of  Kohala  consists  principally  of  strong  returns 
suggestive  of  volcanic  sea  floor  (Campbell.  1983),  with  very  little 
dendritic  fabric  thal  could  represent  reflections  from  debris  slides  or 
channels.  The  northwestern  edge  of  the  Kohala  terrace  (Campbell 
and  Erlandson,  1981;  Campbell.  1984)  has  low  reflectivity  similar 
to  the  Alenuihaha  Channel  axis  and  other  areas  with  gentle  slopes 
that  are  covered  with  sediment.  It  is  likely  that  the  axis  of  the 
Alenuihaha  Channel  is  largely  filled  with  volcanic  and  coralline 


debris  shed  from  Haleakalas  southern  slope.  These  sediments  have 
been  transported  in  fluvial  erosional  channels  on  land,  in  shallow 
submarine  canyons  on  the  upper  slopes,  and  by  debris  flows  and 
turbidity  currents  down  the  middle  and  lower  submarine  slopes 
(Campbell,  1983). 

A Sea  MARC  II  side-scan  sonar  mosaic  of  the  sea  floor  off 
southwestern  Oahu  is  shown  in  figure  4.9.  There  are  several 
prominent  morphological  features  in  this  area,  including  ( I ) the  shelf- 
terrace  area  that  lies  between  the  shoreline  and  the  top  edge  of  the 
carbonate  escarpment;  (2)  the  continuous  steep  carbonate  escarp- 
ment, which  marks  the  western  edge  of  a relict  carbonate  platform; 
(3)  reflective  ridge  and -gully  terrain  that  lies  seaward  of  the  base  of 
the  escarpment;  (4)  highly  reflective  swaths  of  terrain  that  trend  up 
and  down  the  slope  and  are  located  seaward  of  the  base  of  the 
escarpment;  and  (5)  digitate  lobes  of  alternating  high  and  low- 
reflectivity  sea  floor,  located  near  the  break  in  the  slope  between 
1 , 300  m and  2.230  m at  the  downslopc  ends  of  the  highly  reflective 
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FIGURE  4.8,  — Interpretative  map  of  area  of  Sea  MARC  II  image*  thown  in  figure  4.7.  No«e  cxlenuve  linear,  branching  reflection*  and  intervening  acouiiic  thadow*  on 
KHJth  flank  of  Maui  that  we  interpret  a*  debni  flow*.  Northern  flank  of  Kohala  Volcano  form*  a dutinctly  teparate  acoustic  province  Sample*,  deep-sea  photography, 
and  Sea  MARC  II  survey  indicate  that  this  submanne  dope  consists  largely  of  outcropping  volcanic  flow*  and  flow  front*  with  some  volcaoogcruc  and  carbonate  sediment 
on  small  terraces. 


swaths,  that  are  likely  to  represent  localized  landslide  lobes  (For- 
nari,  1983,  1984).  The  details  of  the  sea-floor  geology  in  this  area 
have  been  studied  with  marine  geophysical  methods  (Normark  and 
others.  1982;  Niedoroda  and  others,  1985)  and  with  submersibles 
(Coles.  1982;  Foman,  1982,  1983,  1984) 

The  mosaic  image  in  figure  4.9  and  the  interpretative  maps  in 
figures  4.10  and  4.11  provide  an  insight  into  the  contemporary 
processes  that  act  to  shape  the  submanne  shelf  and  slope  areas  on  an 
older  Hawaiian  island  such  as  Oahu.  Also  indicated  on  figure  4. 10 
are  the  telephone  cable  breaks  that  occurred  during  a hurricane  on 
November  23,  1982.  ITe  reader  is  referred  to  Noda  (I983X 
Fomari  ( I983X  and  Hollister  (1984)  for  a detailed  treatment  of  the 


cable-break  data  and  the  relation  between  cable  breaks,  sea-floor 
topography,  and  ocean-floor  sediment  dynamics. 

Seaward  of  the  base  of  the  carbonate  escarpment  shown  in 
figures  4.9  and  4.10  there  arc  numerous  zones  of  slightly  higher 
reflectivity  (fig.  4.10,  unit  C)  that  form  crudely  fan-shaped  swaths  of 
terrain  interpreted  to  be  more  cobbly  sea  floor  within  the  ridge- and - 
gully  terrain  identified  on  DSV  Turtle  dives  (Fomari.  1982;  I983X 
These  swaths  of  sea  floor  are  characterized  by  linear  patterns  on  the 
side-scan  sonar  records,  and  some  swaths  trend  into  the  axes  of  the 
bathymetric  reentrants  typical  along  this  southwestern  coast  of  Oahu 
(Niedoroda  and  others,  1985)  Seaward  of  these  unit  C acoustic 
reflectivity  zones,  swaths  of  terrain  with  much  higher  reflectivity  (fig. 
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FlCUKE  4.9. — Sea  MARC  II  tide-Kan  tonar  image  of  the  tea  floor  off  Kahr  Point.  Oahu.  See  figure  4. 10  for  interpretation  and  Foman  (1904)  for  complete  ditcusuon  of 

these  data. 


4. 10,  unit  R)  arc  likely  to  be  areas  of  sea  floor  consisting  of  either 
gravelly  or  hard  sediment  (possibly  indurated,  cemented  carbonate 
or  manganese  pavement  )i  The  acoustic  contrast  between  the  R and 
C zones  is  easily  seen  on  figure  4.9,  as  is  the  higher  reflectivity  of 
these  areas  compared  to  the  N zones  (nonreflective).  Near  the 
southwestern  edge  of  the  sonar  image  in  figure  4.9  there  are  several 
finger-like  zones  of  sea  floor  characterized  by  narrow,  alternating 
swaths  of  high  and  low  reflectivity  that  create  prominent  acoustic 
shadows  (figs.  4.9  and  4. 10).  These  zones  have  been  mapped  by 
the  symbol  L on  figure  4.10,  and  they  appear  to  lie  directly 
downslope  from  the  R acoustic -facies  zones. 

A comparison  between  the  Sea  MARC  II  image  in  figure  4.7 
and  that  in  figure  4.9  points  to  the  similarity  in  acoustic  character  of 
the  sea-floor  areas  affected  by  low-relief  rubble  and  debris  flows. 
The  importance  of  downslope  transport  of  sediment  by  these 
processes  on  the  flanks  of  Hawaiian  volcanoes  (Foman  and  others, 
1979b;  Campbell,  1983;  Campbell  and  Hussong,  1983)  is  sug 


gested  by  the  sinuous  outline  of  the  flow  lobes  and  the  delicate 
branching  reflectors  separated  by  intervening  areas  of  low  reflectivity 
that  are  likely  to  represent  dendritic  flow  lobes  and  channels.  Relief 
created  by  the  debris  flows  is  not  great , usually  on  the  order  of  a few 
tens  of  meters  or  less  above  the  surrounding  sea  floor  (Niedoroda 
and  others,  I985X  In  most  cases  these  features  cannot  be  resolved 
with  standard  bathymetric  echo  sounding  from  the  sea  surface. 

Thick  wedges  of  clastic  sediment,  transported  by  debris  flows 
and  deposited  on  the  submarine  flanks  of  volcanoes,  are  important 
components  of  the  gross  stratigraphy  of  oceanic  volcanoes  and  result 
from  gravitational  mass-wasting  of  large  sections  of  unbuttressed 
volcano  flanks  and  downslope  movement  of  sediment  in  rubble  and 
debris  flows. 

CARBONATE  ESCARPMENTS 
An  interpretative  sketch  is  shown  in  figure  4. 1 2 of  the  stratigra- 
phy viewed  from  the  submersible  A/a^ciA’i  during  several  dives  on 
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Cable  with  location  of  break  and  time  (GMT)  on 
November  24.  1982 


a Estimated  length  and  position  of  buried  cable 


• - • - Trace  of  previous  cable  position 
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of  dotted  line  reflects  navigational  errors) 


Figure  4. 10. — Interpretative  map  of  area  of  Sea  MARC  II  image  ihown  in  figure  4.9.  Major  changer  m acoustic  reflectance  relate  to  changes  in  surface  sediment  and 
deposition*!  process.  Prominent  landslide  lobes  show  analogous  acoustic  character  to  similar  features  on  the  south  flank  of  Maui  (see  tig  4.7).  Reflective  cobbly  rones 
coincide  with  probable  areas  of  active  dow-nslope  transport  of  coarse  volcanic  and  coralline  rubble  in  traction  carpels  or  nibble  streams.  See  Foman  (1983,  1984)  for 
further  details  and  discus  non  of  cable-break  data. 


the  carbonate  escarpment  that  is  located  just  seaward  of  Kealakekua 
Bay,  Hawaii  (Moore  and  Fomari,  I984)i  During  the  traverse  of 
XI alkali 'i  dive  164  (Moore  and  Fomari,  1984)  a prominent  cliff 
3-10  m high  was  found  in  depths  between  350  and  360  m.  This 

cliff  is  continuous  in  a northwest  direction  along  a contour- parallel 
trend,  is  subparallel  to  the  escarpment,  and  exposes  a volcanic 
conglomerate  (fig.  4.121  The  conglomerate  consists  of  angular  to 


subangular  volcanic  clasts  that  range  in  size  from  0.5  cm  to  0.5  m. 
with  the  median  size  being  0.5-2  cm.  in  a matrix  of  finer  volcanic 
and  biogenic  carbonate  silt  and  sand.  Few  bedding  planes  or  graded 
beds  were  observed  in  the  exposures;  however,  abundant  fractures 
parallel  to  the  original  depositional  surface  indicate  that  crude 
bedding  is  probably  present  in  the  deposit  and  that  it  was  laid  down 
in  successive  episodes.  Outcrops  of  the  reef  carbonate  on  the 
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FlGUKF.  4.11.  — Schematic  map  of  nearshore  part  of  area  cowed  by  Sea  MARC'  II  image  off  Kahe  Fowl.  Oahu.  shown  in  figure  4. 10,  Submersible  dive  tracks  and  details 
of  the  sonar  image  have  been  mapped.  See  Foraari  <1903,  1904)  for  further  details 


escarpment  above  this  cliff  indicate  that  the  conglomeratic  deposit 
underlies  and  is  the  foundation  for  the  massive  limestone  terrace  (fig. 
4. 1 2X  Hie  instability  of  the  volcaniciastic  deposit  in  Kralakekua 
Bay  is  suggested  by  the  common  occurrence  of  large  tabular  blocks 
of  the  conglomerate  on  the  sea  floor  immediately  west  of  the  cliff  that 
were  probably  spalled  off  the  vertical  face.  In  some  cases  the  base  of 
the  cliff  was  observed  to  have  been  undercut  by  as  much  as  several 
meters,  a process  that  certainly  must  accelerate  the  shedding  of 
blocks  from  the  escarpment. 


This  volcaniciastic  deposit  and  exposures  of  other  similar 
sedimentary  sequences  along  the  shallow  submarine  slope  of  I lawaii 
(Fornari  and  Perfit,  unpub.  data)  indicate  that  erosion  of  the 
volcanic  foundation  takes  place  at  a rapid  rate.  Deposition  of  clastic 
volcanogenic  sediment  by  debris  Bows  down  the  slopes  leads  to 
seaward-thinning  wedges  of  mechanically  weak  clastic  deposits  that, 
when  covered  by  successive  sequences  of  lava,  may  provide  an  ideal 
surface  on  which  setsmically  mduced  gravitational  slumping  can 
occur.  This  notion  is  supported  by  earthquake  studies  (Crosson  and 


Digitized  by  Google 


122 


VOLCANISM  IN  HAWAII 


2,0  1,0 

DISTANCE  FROM  SHORELINE,  IN  KILOMETERS 


lava  tongues  from  subaerial  flows  trial  crass  shoreline  and  shelf 


Steep  seaward  fact  of  reef  bmeslone  with  drapery  of  lava 


Modem  coral  ree«a^^^x^ 
SEDIMENT  COVERED  SHELF 


H«tef -limes tone  escarpment 


Outcrop*  of  old  lava  flows  and  talus  r»mps  composed  of  blocks  of  reef 
kTTtestone  and  drapery  leva 


Sediment  witn  outcrops  of  lower  reef  limestone 


Sediment  overlying  volcen«ciast«c  conglomerate 
Scarp  3-10  maters  high  evposmg  votcantclastic  cong|o,T’erate 


FIGURE  4.12.  — Interpretative  drawing  of  tea  floor  to  400 -m  depth  off  KeaJakekua  Bay,  Hawaii,  based  cat  Mai^ah'i  dives  (Moore  and  Foman,  1 964)  Lava  at  base  of 
carbonate  escarpment  u surrounded  by  reef  broestone.  This  type  of  intercalaltoa  results  from  flows  crossing  an  actively  growing  reef  and  being  covered  by  later  reef 
growth  as  subsidence  occurs.  Note  vokamdastic  conglomerate  bed  3-10  m duck  that  forms  a continuous  scarp  along  the  base  of  the  subsided  reef  terrace.  This 
deposit  was  created  by  erosion  of  volcanic  and  carbonate  outcrops  on  the  slope  and  shore  and  deposited  by  nibble  flows.  Drawn  by  C.L  Foroan 


blndo.  1982)  that  indicate  that  focal  mechanisms  associated  with 
non  volcanic  earthquakes  on  Kilauea  s south  flank  occur  within  a slip 
plane  that  is  coincident  with  a weak  layer  above  old  oceanic  crust. 

CONCLUSIONS 

The  sea  floor  around  the  Hawaiian  Islands  comprises  several 
major  classes  of  topography  that  are  intimately  related  to  (I) 
constructional  volcanism  that  built  the  islands;  (2)  the  preexisting 
fabric  of  the  oceanic  crust  upon  which  the  islands  are  built;  (3)  island 
subsidence;  (4)  gravitational  collapse  of  unbuttressed  volcano  sides; 
and  (5)  low-relief  debris  flows  that  transport  clastic  sediment  down 
the  submarine  slopes.  The  submarine  continuations  of  subaerial  rift 
zones  create  the  roost  prominent  relief  around  the  islands.  The 
topographic  roughness  and  regional  slope  of  each  submarine  rift  is 
directly  proportional  to  the  age  of  the  adjacent  volcano.  Seamounts 
around  the  Hawaiian  Islands  are  largely  older  (Cretaceous)  vol-  j 
canoes  that  have  been  been  partially  buried  by  sediment.  Some  of  , 


these  features  may  be  drowned  guyots.  Several  young  seamounts  that 
are  genetically  related  to  Hawaiian  volcanism  lie  south  of  the  Island 
of  Hawaii.  More  subtle  topographic  features  are  present  on  the 
basal  flanks  of  the  Hawaiian  Ridge  and  form  steps  and  bulges  in  the 
lower  slopes.  These  features  were  created  by  large-scale  gravita- 
tional mass  wasting  of  volcano  flanks  not  buttressed  by  adjacent 
edifices.  Low-relief  debris  flows  appear  to  be  the  principal  mecha- 
nism whereby  clastic  sediment  is  transported  down  the  submarine 
flanks  of  oceanic  volcanoes. 
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THE  GEOMORPHIC  AND  STRUCTURAL 
DEVELOPMENT  OF  HAWAIIAN  SUBMARINE  RIFT  ZONES 


By  Daniel 

ABSTRACT 

The  structure  and  morphology  of  Hawaiian  submarine  rift 
zones  reflect  the  time-integrated  effects  of  constructional  vol- 
canic processes,  island  subsidence,  destructive  gravitational 
slumping  of  un buttressed  volcano  sides,  and  reef  buildup  and 
sedimentation.  Structural  modification  of  submarine  rift  flanks 
begins  during  initial  stages  of  eruptive  history  and  reaches  a 
maximum  during  the  shield-building  stage.  This  process  is 
exemplified  by  faults  on  the  south  submarine  flank  of  Kilauea  a 
east  rift  zone,  debris  slides  like  the  Papau  slide  on  the  south 
flank  of  Hawaii,  and  large  gravitational  slump  features,  like  the 
Kauna  and  Alika  slides,  on  the  southwest  flank  of  Mauna  Loa. 
The  submarine  northwest  rift  of  Hualalai  and  Mauna  Kea’s 
submarine  east  rift  have  morphological  characteristics  indicat- 
ing that  their  structural  evolution  is  largely  complete.  Further 
changes  to  these  evolved  submarine  rift  zones  and  to  older 
Hawaiian  submarine  slopes  will  be  caused  principally  by  subsi- 
dence, burial  beneath  carbonate  platforms  and  sediments,  and 
erosion  and  redeposition  of  hemipelagic  and  volcanogenic  sedi- 
ments by  rubble  flows  and  debris  slides  that  transport  sediments 
down  steep  submarine  slopes. 

INTRODUCTION 

The  submarine  slopes  of  three  shield  volcanoes  on  the  Island  of 
Hawaii  haw  been  investigated  since  1974  using  the  U.S.  Navy 
submersibles  DSV  Turtle  and  DSV  Sea  Cliff  (Fornari  and  others, 
1979a).  The  resulting  data  have  increased  our  understanding  of 
volcanic  and  morphologic  features  on  the  submarine  slopes  of 
Kilauea,  Mauna  Loa,  and  Hualalai  Volcanoes,  and  have  led  to  the 
development  of  basic  models  of  oceanic-island  structure  using  sub- 
marine flank  terrains  as  modern  analogs  of  past  volcanic  episodes 
and  processes  (Foman  and  others,  1979a)i 

The  cast  rift  of  Kilauea  (known  offshore  as  the  Puna  Ridge) 
(Foman  and  others,  1978)  and  the  southwest  rift  of  Mauna  Loa 
(figs.  5. 1 , 5.2;  Fornari  and  others,  1979b)  were  studied  previously 
using  U.S.  Navy  submersibles.  With  the  analysis  of  data  from  seven 
dives  on  the  south  flank  of  the  northwest  rift  of  Hualalai  Volcano 
(Schwartz  and  Fornari,  1962)  and  additional  dredge  and  surface- 
ship  (remote  sensing)  studies  (Campbell  and  Erlandson,  1981; 
Clague,  1 982X  it  has  been  possible  to  compare  the  morphological 
and  structural  evolution  of  these  submarine  features.  That  com- 
parison forms  the  focus  of  this  paper;  it  is  especially  interesting 
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because  of  the  age  difference  among  the  three  Hawaiian  submarine 
rifts,  Hualalai % being  the  oldest  and  Kilauea's  the  youngest. 
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HAWAIIAN  RIFT  ZONES 

SUBAERIAL  PORTIONS 

Hawaiian  rift  zones  form  swaths  of  tectonically  disrupted 
terrain  with  rugged  topography  that  consists  of  eruptive  fissures, 
spatter  ramparts  and  cones,  and  open  cracks  and  collapse  features 
(Steams  and  Macdonald,  1946;  Macdonald  and  Abbott,  1970; 
Lipman,  1980).  The  suriicial  expression  of  rift  zone  volcanism  is 
usually  a zone  3-4  km  wide  showing  constructional  and  extensional 
features  and  normally  coincident  with  a topographic  ridge. 

Geophysical  anomalies  (principally  Bouguer  gravity  and  mag- 
netic anomalies)  are  useful  in  delineating  the  width  of  the  intrusion 
zone,  a steeply  dipping  plexus  of  dikes  through  which  magma  rises  to 
the  surface  from  shallow  reservoirs  located  2-6  km  beneath  the 
summit  area  (Swanson  and  others  1976;  Ryan  and  others,  1981). 
Gravity  and  magnetic  studies  indicate  that  the  intrusive  dike  complex 
beneath  the  narrow  zone  of  surface  rifting  may  be  as  wide  as  12-17 
km  at  depths  of  3—4  km  (Malahoff  and  Woollard,  1968;  Broyles 
and  others,  1979X 

The  positions  of  individual  rift  zones  with  respect  to  their 
volcanic  centers  and  to  neighboring  volcanoes  were  investigated  by 
Piske  and  Jackson  (1972)  and  in  later  held  studies  by  Broyles  and 
others  (1979)  and  Lipman  (1980a,  bX  Their  conclusions  are  that 
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FmuRE  5. 1 . — Maud  of  Hawaii  showing  boundaries  between  volcanoes,  traces  of  rift  zones,  some  fault  fysirnu,  and  areas  of  dosed -c col oor  Bouguer  gravity  high*  (lined) 
from  KinoduU  and  others  1 1963).  Volcanoes:  Kl,  Kslaoea;  ML,  Mauna  Loa:  H,  Hualalai:  MK,  Mauna  Kea:  KO,  Kohaia,  L.  Loihi  Seamount.  Boundaries  of 
submarine  slump  structures  (ticks  on  dowothrown  side)  are  from  Normark  and  others  (1979).  NWRZ.  northwest  rift  lone;  SWRZ,  southwest  rift  tone;  $ERZ, 
southeast  nft  tone;  ERZ,  east  nft  zone;  NERZ,  northeast  rift  zone 


Hawaiian  nfl  zones  are  shallow-level  features  whose  locations  are 
principally  dictated  by  gravitational  stresses  within  an  edifice,  but 
also  indirectly  by  the  shapes  and  positions  of  preexisting  shields 
whose  flanks  have  served  as  foundations  for  nascent  volcanoes.  As  a 
result,  the  rifts  vary  tn  length;  Kilaueas  east  rift  zone  and  Mauna 


Loa  s southwest  rift  zone  are  more  than  1 00  km  long  including  their 
submarine  portions.  Variation  in  rift -zone  length  may  be  attributed 
to  the  distribution  of  surrounding  edifices  that  are  large  enough  to 
inhibit  or  attenuate  the  development  of  a young  rift  zone.  For 
sample,  Kilaueas  southwest  rift  zone  is  sandwiched  between  Loihi 
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FlT.URE  5.2. — Island  of  Hawaii  showing  500  m submarine  contours  (from  Wilde  and  others.  I OHO),  traces  of  principal  subaerial  rift  rones  from  each  volcano,  and 
locations  of  profiles  shown  in  figures  5.3  and  5.4.  Volcanoes:  KI.  Kilauea.  ML,  Maun  a I x»a;  H.  Hualalai;  MK.  Mauna  Kea:  KO,  Kohala.  NWKZ,  northwest 
nft  zone;  SWR2H.  southwest  nft  zooe;  SERZ,  southeast  nft  rone;  tKZ.  east  nft  rone;  NF-RZ.  northeast  nft  rone. 


Seamount  to  the  south  and  Mauna  Loa’s  southwest  rift  zone  to  the 
north  and  west,  and  its  evolution  and  growth  have  thus  been 
hindered.  As  a result,  the  southwest  nft  zone  of  Kilauea  is  rather 
*hotl  ( — 25  kin,  on  land)  and  has  no  substantive  morphologic 


expression  on  the  sea  floor  south  of  Hawaii  (see  Fortran  and 
Campbell,  Chapter  4X  Piske  and  Jackson  (1972)  have  pointed  out 
that  a basic  understanding  of  the  temporal  and  spatial  growth  of 
individual  volcanoes  within  a composite  shidd  can  be  achieved  by 


Digitized  by  Google 


128 


VOLCANISM  IN  HAWAII 


studying  the  lengths  and  relative  positions  of  each  volcano’s  rift 
zones. 

SUBMARINE  PORTIONS 

PUNA  RIDGE 

Surface  ship  studies  (Malahoff  and  McCoy,  1967;  Moore  and 
Fuke,  1969)  and  submersible  investigations  (Fomari  and  others, 
1978)  have  shown  that  Puna  Ridge  (the  submarine  continuation  of 
Kilauea's  east  rift  zone;  figures  5.1,  5.2)  consists  of  purely  con- 
structional volcanic  terrain  on  its  crest  and  upper  flanks.  This  terrain 
is  characterized  by  steep  flow-front  escarpments  separated  by  con- 
structional benches  on  the  upper  flanks  and  narrow,  linear  volcanic 
ridges  (pillow  walls)  and  subparallel  tensionai  and  eruptive  fissures 
on  the  ridge  crest.  All  these  features  strike  N.  45°  E.,  parallel  to 
the  trend  of  the  ridge  (Fomari  and  others,  1978X  The  flank  and 
ridge-crest  terrains  differ  significantly.  At  the  ridge  crest  there  is  an 
almost  total  absence  of  sediment  and  a dominance  of  constructional 
volcanic  features.  The  flank  areas,  in  contrast,  have  progressively 
more  sediment  with  increasing  depth,  extrusive  features  that  appear 
slightly  more  weathered  and  older  (glassy  crusts  on  extrusive  forms 
that  are  starting  to  devitrify  and  spall  off),  and  more  common 
evidence  of  contemporary  faulting  and  disruption  of  the  volcanic  sea 
floor.  On  the  southern  flank  of  Puna  Ridge,  at  depths  shallower  than 
about  500  m,  there  arc  southeast-dipping  normal  faults  that  appear 
to  be  continuations  of  fault -line  scarps  of  the  Hilina  fault  system  (fig. 
5.1;  Malahoff  and  McCoy,  I967)i  The  subaerial  Hilina  scarps 
represent  headwalls  of  major  landslide  blocks  (Swanson  and  others, 
I976X  and  the  shallow  submarine  scarps  probably  also  reflect 
lateral,  slump-block  readjustment  of  the  unbuttressed  flank  of  Kiiau- 
ea  caused  by  magma  injection  and  dilation. 

The  slumping  and  mass-wasting  that  affects  Hawaii’s  south 
flank  leads  to  a fault- block-like  submarine  topography  having  alter- 
nating linear  highs  and  lows  that  generally  trend  in  a northeast 
direction.  One  major  result  of  the  tectonic  and  crosional  processes  is 
the  redeposition  of  large  quantities  of  sediment  on  the  lower  south 
flank  of  Puna  Ridge  and  on  the  islands  submarine  south  flank.  This 
sediment  is  augmented  by  coarse  basaltic  debris  derived  through 
wave  erosion  of  lava  flows  along  the  south  coast  and  by  the 
downslope  transport  of  this  matenal  by  tidal  currents  and  debris 
flows  and  slides  such  as  the  Papau  slide  (Moore  and  Fiske,  1969; 
Fomari  and  others,  I979c)l 

MAUN  A LOA’S  SOUTHWEST  RIFT  ZONE 

The  southwest  rift  zone  of  Mauna  Loa  (figs.  5. 1 , 5.2)  has  also 
been  investigated  by  submersibles  and  by  remote- sensing  from 
surface  ships.  Geophysical  data  show  the  gross  structure  of  the  rift 
as  a series  of  scarps  with  steep  west -facing  wails  that  have  vertical 
relief  of  100  m to  nearly  2,000  m (Foman  and  others.  1979b)  The 
principal  linear  scarp  continues  out  to  sea  for  about  50  km,  and  its 
asymmetric  and  faulted  morphology  has  been  interpreted  to  be  a 
result  of  gravitational  slumping  of  the  unbuttressed  west  flank  of 
Mauna  Loa  (Foman  and  Campbell,  chapter  4;  Foman  and  others, 
1979b;  Norraark  and  others,  1979;  Lipman,  1980a)  The  face  of 


this  scarp  was  acsended  on  three  submersible  dives  and  found  to  be 
composed  of  pillow-lava  sequences,  exposed  in  steeply  (60°-70°) 
sloping  outcrops  and  surrounded  by  volcanklastic  sediment.  Less 
steep  benches  (l0°-30°  slopes)  separate  the  outcrops.  The  tops  of 
the  outcrops  are  often  capped  by  vertical  walls,  1-3  m wide  and 
10-60  m high,  formed  by  exposed  dikes  that  have  been  stripped  of 
their  surrounding  volcanic  cover  (Fomari  and  others,  1979b,  fig.  6). 
Mass  wasting  of  scarps  must  be  very  active  because  the  steeply 
sloping  outcrops  and  vertical  dikes  are  highly  unstable  and  prone  to 
collapse.  During  the  dives,  extensive  evidence  of  undercutting  and 
erosion  was  seen  in  the  form  of  toppled  dike  walls  and  faceted  blocks 
of  diabase  dike  rock  strewn  around  the  sea  floor  at  the  base  of  the 
walls  and  on  the  sediment  (Fomari  and  others,  1979b) 

Geophysical  records  of  the  sea  floor  to  the  west  of  the  main 
scarp  (Fomari  and  others,  1979b,  fig.  4)  suggest  that  thick  deposits 
of  clastic  sediment  lie  in  structural  fault- bounded  basins  created  by 
gravitational  slump  tectonics.  Farther  offshore,  along  the  southern 
part  of  Hawaii’s  west  coast,  similar  large  slump- block  features  (for 
example,  the  Katina  and  Alika  slides)  have  been  recognized  on 
bathymetric  compilations  and  geophysical  records  (Fomari  and 
Campbell,  chapter  4;  Normark  and  others,  I979X 

HUALALArS  NORTHWEST  RIFT  ZONE 

The  submarine  extension  of  Hualalai  s northwest  rift  zone  (figs. 
5.1,  5.2)  has  been  previously  studied  using  conventional  echo 
sounding  (Campbell  and  Erlandson,  1981 X dredging  (Clague, 
1982)  and  submersible  diving  (Schwartz  and  Fomari,  I982X 
These  studies  revealed  the  gross  bathymetric  character  of  the  rift,  the 
morphology  and  structure  of  parts  of  the  submarine  slope,  and  also 
determined  that  the  exposed  volcanic  rocks  are  largely  tholeiite  and 
picritic,  tholeiitic  pillow  basalt.  The  geochemistry  of  these  rocks 
indicate  that  they  have  probably  been  derived  from  mantle  sources 
separate  from  those  feeding  the  other  volcanoes  on  Hawaii  (Clague, 

I982X 

The  northern  submarine  flank  of  the  rift  zone  has  a regional 
slope  of  V-  7°  (the  F\ina  Ridge  has  an  average  slope  of  10°; 
Moore,  1971)  and  nigged  topography  created  by  constructional 
vokanism  operating  principally  on  the  crest  and  north  flank  of  the 
rift  (Campbell  and  Erlandson,  1981 ) The  data  of  Campbell  and 
Erlandson  (1981)  dearly  show  that  volcanic  flows  coming  from  the 
north  flank  are  ponded  against  the  preexisting  terrace  topography  of 
the  Kohala  shelf. 

The  south  flank  of  the  rift  zone,  as  seen  in  profile  C of 
Campbell  and  Erlandson  (1981,  fig.  4)  and  in  unpublished  profiles 
recorded  by  the  Hawaii  Institute  of  Geophysics,  differs  from  the 
north  flank  in  having  a steeper  regional  slope  (l6°-26°)  and 
smoother  acoustic  reflectivity  with  fewer  hyperbolae. 

The  southeastern  part  of  the  rift  zone’s  south  flank  forms  the 
submarine  slope  west  of  Keahole  Point  (figs.  5. 1 , 5.2)  and  has  been 
observed  during  three  previously  reported  DSV  Turtle  dives  (For- 
nari,  1982X  This  area  has  microtopograpluc  relief  of  1-3  m; 
however,  at  shallower  depths  (less  than  300  m)  the  outcrops  have 
relief  of  as  much  as  7 m.  Much  of  this  relief  is  created  by  the  down- 
slope  ends  or  edges  of  subaerially  derived  lava  flows.  Average  slope 
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Figure.  5.3.  — Profile*  of  Hawaiian  submarine  rift  zone*  taken  along  their  strike.  Drawn  from  published  bathymetric  maps  (see  reference*  us  test)  and  plotted  following  the 
aus  of  minimum  depth  of  each  nft.  Data  points  were  taken  every  100  m of  depth  change.  Horizontal  distance  si  from  the  shoreline  except  for  LoahTt  rift*.  Profile  locations 
shown  on  figure  5.2. 


angles  for  various  segments  of  each  dive  traverse  show  that  an  abrupt 
increase  in  slope  from  approximately  1 5°  to  27°  occurs  at  about  750 
m depth.  This  depth  roughly  conforms  to  the  upslope  onset  of  a 
ndge-and-gully  terrain  that  is  the  principal  sea-floor  morphology  in 
this  area  and  apparently  also  occurs  in  similar  depth  ranges  on  other 
Hawaiian  submarine  slopes  investigated  with  submersibles.  The 
ridges  and  gullies  are  oriented  parallel  to  the  slope  and  usually  have 
relief  of  1-5  m (amplitude)  and  varied  wavelengths.  These  features 
are  likely  to  represent  consequent  topography  developed  over  buried 
flow  lobes  (probably  subaerial  ones  that  have  since  subsided, 
although  some  may  have  originated  from  shallow  submarine  vents), 
which  have  subsequently  served  to  channel  tidal  scouring  in  between 
the  highs,  thereby  maintaining  the  troughs  while  sediment  continued 
to  accumulate  on  the  low  ridges. 

This  slope  transition  may  be  the  result  of  basement  faults,  now 
largely  buried,  associated  with  earlier  episodes  of  gravitational 
slumping  of  the  west  flank  of  Hualalai  and  its  northwest  rift  zone. 
Only  small  fault  scarps  were  observed  during  the  submersible  dives 
in  this  area,  however,  and  those  scarps  are  largely  confined  to  depths 
below  1,000  m and  have  relief  of  3-6  m.  The  scarp  faces  are 
smooth,  ui  contrast  to  the  rough,  jagged  flow  fronts,  and  expose 
massive  lava  with  occasional  intercalations  of  carbonate,  either  as 
blocks  or  lenses  several  tens  of  centimeters  thick  (Fomari,  1982; 
Schwartz  and  Fomari,  1982).  Alternatively,  this  slope  change  may 
reflect  the  general  paleodepth  to  which  subaenal  flows  were  able  to 
move.  Historical  subaerial  flows  (ranging  in  date  from  1801  to 
1950)  that  have  flowed  into  the  sea  on  the  west  flank  of  Hawaii  have 
been  mapped  using  a submersible,  and  they  are  known  to  have  only 
reached  depths  of  approximately  250  m (D.J.  Fomari  and  M.R. 
Perfit,  unpublished  data). 

Wide  expanses  of  the  sea  floor  in  this  area  are  covered  by 
volcanic  and  carbonate  clastic  debris  and  sediment.  These  deposits 
bury  most  evidence  of  flow  fronts  and  fault  scarps;  however,  several 
southwest-facing  ramps  with  5-10  m of  relief  were  traversed  and 
are  thought  to  have  been  formed  by  depositional  draping  over  a 


preexisting  basement  structure.  Much  of  the  area  examined  during 
the  dives  between  depths  of  350  ra  and  1 ,000  m is  covered  by  these 
clastic  deposits.  South  of  latitude  19°  48'  N.  and  below  1,500  m 
I depth,  the  spacing  between  isobaths  increases  and  the  regional  slope 
I decreases  to  about  10°  (fig.  5.2). 

Extrapolation  of  dive  observations,  echo  sounding,  and 
bathymetric  data  indicate  that  the  lower  south  flank  of  Hualalais 
northwest  rift  zone  is  largely  covered  by  volcanic  and  carbonate 
erosiona!  debris  and  hemipelagic  sediment.  The  net  geomorphic 
effect  has  been  to  smooth  and  obscure  nearly  all  of  the  constructional 
volcanic  morphology  through  mass -wasting  of  flow  fronts  and  scarp 
faces,  resulting  in  deposition  of  talus  and  in  downs  lope  transport  of 
erosional  products.  While  indications  of  downslope  movement  of 
talus  are  present,  no  slump  scars  or  discrete  slump  deposits  were 
observed  during  the  Turtle  dives.  The  north  flank  of  Hualalais 
northwest  rift  zone,  on  the  other  hand,  consists  primarily  of  pillow 
lava  and  constructional  volcanic  topography  that  is  variably  covered 
by  hemipdagic  sediment. 

DISCUSSION 

FVofiles  drawn  along  the  strike  and  across  strike  of  several 
Hawaiian  submarine  rift  zones  are  shown  in  figures  5.3  and  5.4, 
respectively.  These  profiles  were  constructed  from  100-m 
bathymetric  contour  data  (Chase  and  others,  1971;  Moore,  1971; 
Wilde  and  others,  1980;  Campbell  and  F.rlandson,  1981 ; Malahoff 
and  others,  1982;  Moore  and  others,  1982).  The  differences 
! between  rift-zone  profiles  can  largely  be  explained  by  age  differences 
and  differences  in  structural  evolution.  The  profiles  shown  in  figure 
5.3  clearly  show  the  differences  in  plunge  angle  as  well  as  the 
, localized  effects  of  constructional  volcarusm  along  the  crests  of  the 
youngest  rifts  (Puna  Ridge  and  Loihi  Seamounts  north  and  south 
| riftsjl 

Hie  profile  of  Mauna  Kca’s  east  nft  zone  shows  the  effects  of 
the  carbonate  reef  buildup  that  has  constructed  a 20  km  wide  shelf 
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FiGL-RE  5.4. — Profile*  of  Hawaiian  submarine  nit  zone*  taken  acrou  liner  itrike  Drawn  from  mudc  data  *et  lord  in  figure  5.3.  Horizontal  distance  it  centered  on  the 
topographic  crest  of  each  rift.  Profile  locations  shown  in  figure  5.2.  Approximate  compost  orientations  of  profiles  indicated  by  labek  on  ends  (N.  north;  E,  east;  S,  south; 
W.  west} 


over  the  nearshore  segment  of  this  rift.  Because  volcanic  activity  has 
been  absent  along  this  rift  for  tens  of  thousands  of  years,  the  rough 
constructional  topography  of  the  rift  has  been  buried  by  clastic  and 
hemipelagK  sediment  and  a coralline  mantle.  Mauna  Kent  east  rift 
zone  shows  two  prominent  slope  transitions.  The  shallower  one 
reflects  the  change  from  carbonate  platform  to  a steeper  slope  that 
probably  more  closely  reflects  the  original  constructional  rift  slope. 
Farther  seaward,  the  slope  of  the  rift  axis  decreases  abruptly  about 
30  km  from  the  shoreline  and  then  continues  at  this  lower  value  past 
the  end  of  the  profile  shown  in  figure  5.3.  If  the  profile  were  extended 
(see  fig.  5.2  for  contours),  one  would  see  that  Mauna  Keas  profile 
consists  of  several  steeper  sections  separated  by  wide,  lower  gradient 
benches  that  eventually  merge  onto  the  abyssal  sea  floor  at  approx- 
imately 5 km  depth.  This  characteristic  old-rift  topography  is  similar 
to  that  of  Hualalais  northwest  rift  zone,  although  the  steeper  ramp 
sections  are  smaller  on  Hualalai,  possibly  reflecting  the  smaller  size 
of  Hualalai  Volcano  compared  to  Mauna  Kea. 

Hualalais  northwest  rift  zone  has  a slightly  steeper  profile  than 
Mauna  Keas  east  rift  zone,  but  it  also  shows  the  effects  of  reef 
growth  and  carbonate  terrace  development.  Along  Hualalais  rift  the 
terrace  extends  about  8 km  from  the  shoreline;  however,  the  Kohala 
terrace  to  the  north  is  a much  broader  feature,  whose  morphology 
and  development  reflect  the  octended  period  of  volcanic  quiescence 
along  the  northwest  coast  of  Hawaii  and  the  older  age  of  this  portion 
of  the  island  (Campbell  and  Erlandson,  1981  \ Hualalais  rift  profile 
also  appears  rather  smooth;  but  this  is  most  likely  a result  of  the  use 
of  wide- beam  echo  sounders  to  survey  this  area.  A detailed 
inspection  of  echo-sounder  records  from  the  crest  of  Hualalais 
northwest  rift  zone  shows  an  abundance  of  overlapping  hyperbolae 
suggestive  of  constructional  volcanic  sea  floor  (Campbell  and 
Erlandson,  1981). 

Mauna  Loa's  southwest  rift  zone  also  has  a smooth  profile,  but 
its  regional  slope  is  greater  than  that  of  all  other  rifts  except  Loihi  s 


(fig.  5.2).  The  smoothness  of  this  profile  does  reflect  a general 
absence  of  recent  constructional  volcanism  on  the  rift-zone  crest; 
however,  young-looking  volcanic  flow  fronts  and  outcrops  are  present 
on  the  west  flank  of  the  rift  (Foman  and  others,  1979b).  The 
absence  of  a carbonate  shelf  on  Mauna  Loa’s  southwest  rift  zone 
indicates  that  this  part  of  the  island  is  still  too  young  (volcanically 
active)  and  gravitationally  unstable  to  allow  carbonate  reef  terraces 
to  grow  and  develop. 

Kilaueas  east  rift  zone  (Puna  Ridge)  shows  much  more  local 
irregularity  than  do  the  rifts  of  Mauna  Kea,  Hualalai,  and  Mauna 
Loa  (fig.  5.3X  undoubtedly  because  it  is  linked  to  the  most  active 
volcano  and  subaerial  rift  zone  on  Hawaii.  Because  of  its  young  age, 
Puna  Ridge  does  not  possess  a carbonate  terrace  (fig.  5.3).  The 
rather  constant  gradient  of  this  rift  zone  out  to  50  km  from  shore  and 
its  greater  elevation  above  the  surrounding  sea  floor  (for  correspond- 
ing distances  from  shore)  compared  to  Mauna  Loa's  southwest  rift 
zone,  probably  result  from  the  buoyant  effects  of  magma  intrusion 
and  lack  of  subsidence,  similar  to  the  manner  in  which  the  crest  of 
the  East  Pacific  Rise  is  supported  and  devated  by  accrrtionary 
magmatism  (see  Macdonald  and  others,  1984,  and  references 
therein). 

Loihi  Seamounts  north  and  south  rift  zones  are  excellent 
examples  of  juvenile  Hawaiian  submarine  rift  zones.  Both  have  steep 
plunge  angles  and  local  topographic  roughness  created  by  con- 
structional volcanism  on  the  rift  crests.  The  north  rift  is  not  as  steep 
as  the  south  nft  because  of  the  constraining  effects  of  Kilauea  s south 
flank  and  southwest  rift  on  its  development.  The  crests  of  Loihi  s 
rifts  arc  known  from  deep-sea  photography  (Malahoff  and  others, 
1982)  to  consist  of  pillow-lava  flows,  while  the  flanks  of  the  rift  zones 
and  much  of  the  volcano  sides  are  covered  with  coarse  pillow- lava 
talus. 

Profiles  across  the  strikes  of  these  Hawaiian  rifts  are  shown  in 
figure  5.4.  The  most  important  feature  of  these  profiles  is  the 


Digitized  by  Google 


5.  THE  GEOMORPHIC  AND  STRUCTURAL  DEVELOPMENT  OF  HAWAIIAN  SUBMARINE  RIFT  ZONES 


131 


consistently  asymmetric  character  of  the  rifts.  In  ail  cases  the  rift 
flank  that  is  not  buttressed  is  steeper,  indicating  that  gravitational 
slumping  of  rift  flanks  fundamentally  alters  the  geometry  of  a rift 
zone.  As  exemplified  by  Lothi  Seamount's  rifts,  this  process  is 
initiated  at  a very  early  stage  in  a rift  zones  growth  and  continues 
through  the  volcanos  early-mature  stage  of  development. 

Hence.  Hawaiian  rift  zones  initially  develop  and  grow  purely 
through  constructional  volcanism;  however,  early  in  the  rift  zones 
active  life  the  influence  of  adjacent  volcanoes  on  its  growth  becomes 
important.  The  following  model  illustrates  the  importance  of  gravita- 
tional slumping  and  preexisting  volcano  location  to  the  development 
of  rift  zones  and  volcano  flank  morphology  and  structure.  In 
addition,  this  model  offers  an  explanation  for  the  absence  of  large- 
scale  gravitational  slumps  on  the  west  flank  of  Mauna  Loa  north  of 
approximately  latitude  19°  30'  N. 

Fiske  and  Jackson  (1972),  who  used  the  gravity  data  of 
Kinoshita  and  others  (1963)  to  support  their  thesis,  suggested  that 
Hualalais  southeast  rift  zone  has  played  a dominant  role  in  the 
construction  of  the  original  Hualalai  edifice,  much  of  which  is  now 
buried  beneath  the  flank  of  Mauna  Loa  (fig.  5.1,  5.2).  The 
Bouguer  gravity  map  of  Hawaii  (Kinoshita  and  others,  1963) 
shows  an  elongate  north-south  gravity  high  (265  mGal  closed 
contour)  that  continues  south  of  the  surficial  boundary  between 
Hualalai  and  Mauna  Loa  and  reaches  latitude  19°  25'  N (fig.  5. 1 \ 
South  of  the  summit  of  Hualalai,  the  gravity  high  is  west  of  the 
surface  position  of  the  rift  zone,  and  the  gravity  maximum  is  the 
lowest  of  the  five  gravity  highs  on  the  island.  This  may  be  in  part 
because  the  dense  dike  rocks  are  buried  under  I -2  km  of  Mauna 
Loa  lava  and  clastic  deposits.  The  location  of  the  gravity  high,  offset 
to  the  west  with  respect  to  the  present  surface  rift,  is  still  within  the 
12-  to  17-km  width  of  the  dike  complex  proposed  by  Broyles  and 
others  (1979).  However,  the  buttressing  <rf  Mauna  Lot's  west  flank 
(see  Lipman,  1 980a,  b)  would  lead  one  to  expect  the  surface  rift  to 
lie  west  of  the  gravity  high,  in  the  direction  that  can  most  easily 
accommodate  extervsionai  tectonics  because  it  is  not  buttressed. 

I suggest  that  the  dike  complex  under  Hualalais  gravity  high  is 
a foundation  that  buttresses  the  northern  part  of  the  west  flank  of 
Mauna  Loa.  Deep-sealed  gravitational  slumping  on  the  west  flank 
of  Mauna  Loa  is,  therefore,  restricted  to  the  area  south  of  the  end  of 
the  gravity  high  (approximate  latitude  19°  25'  N.  fig.  5.1).  The 
extension  of  the  Kealakekua  fault  north  of  latitude  19°  25'  N.  may 
represent  gravitational  slump-block  failure  (Normark  and  others, 
1979;  Lipman,  1980a)  of  just  the  upper  few  kilometers  of  Mauna 
Loas  west  flank  that  are  unbuttressed  by  Hualalais  southern  rift 
dike  complo.  In  addition,  the  abrupt  development  of  a carbonate 
terrace  north  of  latitude  19°  30'  N.  (fig.  5.2)  probably  results 
partially  from  the  relative  stability  and  low  rate  of  volcanic  activity 
along  Hualalais  west  flank  as  compared  to  Mauna  Loas  gravita- 
tionally unstable  west  flank  south  of  Kealakekua  Bay. 

CONCLUSION 

There  are  several  morphologic  similarities  between  the  youthful 
Puna  Ridge  and  Hualalai's  older  northwest  rift  zone.  Echo  reflec- 
tion characteristics  and  data  from  dives  and  dredges  in  the  summit 


areas  of  both  rifts  reveal  a predominance  of  fresh  pillow  lava  and 
constructional  morphology  on  the  ridge  crests.  The  un buttressed 
south  flanks  erf  both  rifts  are  mantled  by  vokamdastic  deposits 
resulting  from  mass  wasting  of  constructional  topography  and  from 
gravitational  slumping.  The  Latter  process  has  disrupted  the  con- 
structional slopes  and  widened  the  bases  of  the  topographic  ridges. 

Because  these  two  rifts  are  near  opposite  ends  of  the  age 
spectrum  for  the  Island  of  Hawaii,  it  is  apparent  that  the  processes 
of  constructional  volcanism  (centered  on  a line  source  along  the  rift 
axis)  and  mass  wasting  of  the  unbuttressed  rift  flank  are  fundamental 
to  the  evolution  of  submarine  rift -zone  morphology-  and  structure. 
The  principal  difference  between  Hualalais  northwest  rift  zone  and 
Puna  Ridge  is  the  nearly  complete  burial  of  the  headwalls  of  slump 
blocks  on  Hualalais  rift  by  subsequent  voJcaniclastic  deposits  that 
cover  nearly  all  of  the  original  constructional  relief  and  fault  scarps. 

The  morphology  and  structure  of  the  submarine  continuation  of 
Mauna  Loas  southwest  rift  zone  are  quite  different  from  those  of 
Puna  Ridge  and  of  Hualalai  s northwest  rift  zone.  The  unbuttressed 
west  flank  of  the  southwest  rift  is  very  unstable  at  this  stage  in 
Mauna  Loas  shield-building  history,  and  gravitational  slumping  has 
created  a prominent  asymmetric  scarp  topography  rather  than  a 
more  symmetric  constructional  rift  topography  (fig.  5.4).  The  large 
vertical  offsets  and  horizontal  extent  of  the  slumping  indicate  that  this 
reconfiguration  of  the  cross-sectional  and  plan-view  structure  and 
morphology  of  the  rift  zone  is  deep  seated  and  extends  well  down 
into  the  volcanic  pile.  The  abundance  of  these  large-scale  gravita- 
tional slump  features  (for  example,  Kauna  and  southwest  rift  slides) 
on  the  west  flank  of  Mauna  Loa  attests  to  the  predominance  of  this 
process  during  the  mature  phase  of  shield  building  (Fornan  and 
Campbell,  chapter  4).  The  size  of  gravitational  slumps  on  volcano 
flanks  is  probably  controlled  by  edifice  size  and  by  the  constraining 
influence  of  adjacent  volcanoes,  which  act  to  buttress  parts  of  the 
volcanic  pile. 

The  structure  and  morphology  of  Hawaiian  submarine  rift 
zones  are  primarily  the  result  of  a time-integrated  sequence  of 
volcanic  constructional  processes  and  gravitational  tectonics.  Initially 
constructional  volcanism  dominates,  although  parts  of  a rift  may 
begin  to  be  modified  by  gravitational  slumping  even  during  the 
juvenile  stage.  Early  in  a volcanos  mature  shield-building  stage, 
however,  the  instability  of  the  subaenal  shield  (whose  foundation  is 
the  clastic  volcanic  sequences  laid  down  during  the  volcano's  emer- 
gence) results  in  the  dominance  of  destructions!  gravitational  slump- 
ing over  constructional  processes  and  the  drastic  reshaping  of  the 
submarine  rift.  At  a still  later  date  the  combined  effects  of  repeated 
slumping,  minor  renewed  volcanism.  the  possible  growth  of  a new 
volcano  nearby,  subsidence  erf  the  island,  and  development  of  a 
carbonate  reef  terrace  result  in  a mature  submarine  rift  like  that  of 
Mauna  Keas  east  rift  zone  or  Hualalais  northwest  rift  zone. 
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GEOLOGY  OF  THE  SUMMIT  OF  LOIHI  SUBMARINE  VOLCANO 


By  Alexander 

ABSTRACT 

Loihi  submarine  volcano  it  a teismically  active  seamount 
whose  summit  is  at  a water  depth  of  969  m (530  fathoms),  28 
lan  (15  miles)  southeast  of  the  Island  of  Hawaii  at  18*56'  N., 
155°! 5.9'  E.  Loihi  it  on  the  southernmost  extension  of  the 
Kahoolawe-Hualalai-Mauna  Loa  volcanic  line  and  probably 
marks  the  latest  activity  of  the  Hawaiian  hot  spot.  The  base  of 
the  volcanic  edifice  is  4,023  m (2,200  fathoms)  below  sea  level. 
Loihi  has  formed  through  periodic  volcanism  along  a northwest* 
to  southeast-striking  31 -km- long  rift.  High-resolution,  ship- 
board hydrographic  survey  techniques  supplemented  by  narrow, 
muhibeam  acoustic  bottom  surveys  were  followed  by  transpon- 
der-navigated bottom  photography  and  ocean-floor  dredge  sam- 
pling. The  combined  data  have  produced  a detailed  picture  of  an 
emerging  Pacific  island.  The  summit  of  the  volcano  contains  a 
calderalike  depression  2.8  km  wide  and  3.7  km  long  with  steep 
inner  and  outer  walls.  Within  the  depression,  there  are  two  pit 
craters;  one  is  0.6  km  in  diameter  and  73  m deep,  the  other  is 
1.2  km  in  diameter  and  146  m deep. 

Shipboard  and  aeromagnetic  studies  show  the  presence  of 
a 3,900-nT  peak-to-peak  normal  bipole  residual  magnetic 
anomaly  over  its  edifice.  Superposed  upon  the  normally  polar- 
ized anomaly  is  a short  wavelength,  reversely  polarized  anomaly 
with  peak-to-peak  amplitude  of  1,600  nT  located  directly  over 
the  summit  of  Loihi.  Modeling  of  the  reversely  polarized  anom- 
aly suggests  the  source  to  be  a nonmagnetic  body,  possibly  a 
near-surface  magma  chamber  below  the  summit  of  Loihi. 
Extensive  bottom  photography  shows  newly  formed,  glass- 
encrusted  lava  flows  with  pillow,  sheet,  lobate  and  aa  forms 
erupted  along  the  southeast  slopes  of  the  summit.  The  slopes  of 
the  volcano  show  evidence  of  recent,  large-scale  landslides  that 
have  scarred  the  volcano  along  its  eastern  and  western  slopes. 
Along  the  eastern  edges  of  the  summit  depression,  photographs 
show  the  presence  of  both  hydrothermal  activity  and  mineral 
precipitation  with  chimney  forms  similar  to  those  mapped  along 
the  active  rift  systems  of  the  East  Pacific  Rise  and  the  Juan  de 
Fuca  Ridge.  Orange  to  yellow  iron-rich  precipitates  mark  exten- 
sive hydrothermal  vents  around  the  central  calderalike  depres- 
sion where  water  temperature  anomalies  in  excess  of  several 
degrees  Celsius  have  been  detected.  No  exotic,  hydrothermally 
associated,  benthic  animal  communities  have  been  detected  in 
the  present  study.  Photographic  evidence  suggests  that  forms  of 
hydrothermal  metallic  precipitates  found  on  Loihi  may  be  sim- 
ilar to  those  found  along  the  East  Pacific  Rise  and  that  similar 
precipitates  may  be  found  at  depths  on  other  seamounts  and 
volcanic  islands. 


1 DirurtimW  d 'TtlMUTTh  Hewsii  liutitulr  d Ceoplsywo.  UnimWy  d Hawaii. 
HowoUu.  H*w *n  96822. 


Malahoff 1 

INTRODUCTION 

Loihi  Seamount  is  a young  (probably  less  than  0.5  MaX 
active,  submarine  volcano  on  the  southern  oitension  of  the  Hawaiian 
hot  spot  (Jackson  and  others,  1972)  along  the  Kahoolawe-Hualalai- 
Mauna  Loa  volcanic  line;  it  is  the  youngest  volcano  in  the  Hawaiian 
Island  chain  and  is  the  possible  site  for  the  next  emerging  island  (fig. 
6.  IX  The  name  Loihi,  meaning  long  in  Hawaiian,  was  first 
introduced  by  Emery  (1955)  to  explain  the  elongate  diape  of  the 
seamount.  Loihi  is  seismically  active,  with  shallow  earthquake 
swarms  that  are  distinct  from  the  seismic  activity  of  Kilauea  (Klein, 
I982X  *hc  nearest  active  volcano.  A zone  of  deep  earthquakes  at  a 
depth  of  60  km  between  Kilauea,  Loihi  and  Maun  a Loa  suggest  a 
common  deep  source  for  the  magma  supply  of  the  three  volcanoes 
from  the  Hawaiian  hot  spot.  Petrologic  studies  of  basah  dredged 
from  the  volcanic  edifice  by  Moore  and  others  (1982)  show  these 
rocks  to  be  glassy,  tholeiitic  pillow  basah,  tholeiilic-alkalic  transi- 
tional basah,  alkali  basalt,  and  basanite.  Most  of  the  rocks  sampled 
from  the  summit  appear  to  be  weakly  vesicular,  suggesting  the 
possibility  of  mild  explosive  activity  at  the  summit  of  Loihi  (Moore 
and  others,  1982).  Extensive  bottom  photography  and  photoin- 
terpretation of  surficial  geology  were  performed  by  the  author  using 
the  Woods  Hole  Oceanographic  Institutions  underwater  camera 
system  (ANGUS)  deployed  from  the  research  vessel  Kona  Keoki- 
These  data  show  the  presence  of  fresh  pillow  lava,  fresh  sheet  and 
lobate  flows,  and  fresh  aa  and  pahoehoe  flows  emerging  from  the 
summit  of  Loihi.  Bottom  transponder-controlled  dredgmg  (ship- 
board) of  prospective  hydrothermal  deposit  sites  on  the  summit 
showed  the  presence  of  copper-cnnched  nontronite  deposits  (Mal- 
ahoff and  others,  I982X  The  nontronite  was  identified  using  bottom 
photography.  The  deposits  were  found  to  be  associated  with  the 
freshest  lava  flows  al  several  sites  near  the  summit. 

In  order  to  map  Loihi  submarine  volcano,  detailed  higji- 
resolution  bathymetric  surveys  were  conducted  over  its  summit  by  the 
National  Oceanic  and  Atmospheric  Administration  (NOAA)  ves- 
sels Fairwcathcr  and  Rainier.  The  bathymetric  surveys  used  ship- 
board traverses  spaced  400  to  800  m apart.  Navigation  was  by 
miniranger,  with  the  network  tied  to  the  old  Hawaiian  datum.  The 
details  of  the  summit  crater  bathymetry  were  also  mapped  using  the 
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Figure  6. 1 . — L*  shorn  of  twin  iritn  Ouchum)  of  thr  Hawaiian  hot  ipot  ihowvig 
Lathi  aubmanor  volcano  at  tooth  end  of  KahooJawe-HualaUi-Mauna  Loa-Lotht 
trace  (AX  and  the  Halrakala  KohaU  Mauru  Kra  Kilauea  trace  (BX  HutoncaJ 
Hawaiian  lava  How*  ihown  by  dotted  patient  Bathymetry  contour!  are  in  meter* 


acoustic  transponder  and  altimeter  on  the  ANGUS  photographic 
system.  Bathymetric  details  of  the  whole  volcanic  edifice  (see  fig. 
6.3)  were  determined  through  a U.S.  Navy  conducted,  high- 
resolution.  narrow-beam,  64-beam  Sonar  Array  Survey  System 
(SASS)  aboard  tbe  U.S.  Navy  (USN)  ship  Hess.  All  surveys 
were  performed  between  1978  and  1981.  The  depths  for  both  the 
NOAA  and  the  USN  bathymetric  surveys  were  plotted  using 
fathoms  as  the  depth  unit.  Airborne  magnetic  studies  of  Loihi  were 
performed  earlier  by  Malahoff  and  Woollard  (1968,  1970)  and 
were  supplemented  by  shipboard  magnetic  traverses  by  vessels  of  tbe 
Hawaii  Institute  of  Geophysics.  This  paper  focuses  on  the  surficial 
morphology  and  structure  of  Loihi  as  an  example  of  the  early  stages 
of  the  structural  development  of  a Hawaiian  island  as  a submarine 
volcano. 
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MORPHOLOGY  OF  THE  VOLCANIC  EDIFICE 

Loihi  is  on  the  eastern  flank  of  the  southern  extension  of  Mauna 
Loa  volcano  (fig.  6. 1 ) Its  northern  base  is  1 .900  m below  sea  level, 
where-i'  the  southern  base  is  4,755  m below  sea  level,  showing  that 
the  edifice  of  Loihi  was  built  on  an  original  submarine  slope  of  about 
5°.  The  volcano  apparently  grows  through  continued  volcarusm.  not 
only  from  a caldera  or  summit  craters,  but  also  from  an  elongate  rift 
system  consisting  of  a 1 7-km-long  southern  rift  limb  and  a 7-km-long 
northern  rift  limb  (fig.  6.2)  The  Loihi  rift  and  crater  system  is  not 
unlike  those  for  the  summits  of  the  neighboring  Mauna  Loa  and 
Kilauea  Volcanoes. 

The  steepness  of  the  southwestern  and  northeastern  slopes  of 
the  volcano  (35°  to  4 (f  between  the  water  depths  of  1,830  and 
3.290  m)  and  the  presence  of  armchairlike  indentations  mto  the 

edifice  (at  I55°l4r  W.,  18°47.5'  N..  at  I55°17.5'  W..  I8°52.5' 
N.  and  at  I 55°I5’  W,  18°57.5'  N.  ) suggest  that  extensive  erosion 
in  the  form  of  downslope  mass  wasting  has  occurred  contempo- 
raneously with  the  growth  of  the  edifice  by  submarine  volcarusm. 
Bottom  photographs  of  the  upper  flanks  of  Loihi  show  the  develop- 
ment of  talus  slopes  through  the  breakup  of  pillow  basalt  and  sheet 
and  lobate  flows.  The  sheet  and  lobaie  flows  frequently  exhibit  the 
photographic  characteristics  of  pahoehoe  and  aa  lava  at  the  summit. 
ll>e  shaded  areas  in  figure  6.2  indicate  sites  of  talus  slope  and 
downslope  mass  wasting  as  interpreted  from  the  study  of  bottom 
photography  and  bathymetry.  Examination  of  the  bathymetric  data 
does  not  show  the  presence  of  any  extensive  flank  cones  on  Loihi. 
This  evidence,  however,  does  not  preclude  the  possible  presence  of 
flank  fissures.  The  process  of  talus  generation  and  downslope  mass 
wasting  appears  to  be  steady  and  extensive.  Therefore,  the  upward 
growth  of  the  volcano  is  dependent  upon  a constant  source  of 
oitrusive  magma  from  the  summit  crater  and  the  upper  rift  zones. 

The  detailed  bathymetric  map  of  the  Loihi  summit  (fig.  6.3) 
was  prepared  from  the  total  bathymetric  data  base,  including  the 
NOAA  hydrographic  survey1,  the  Woods  Hole  Oceanographic 
Institution  ANGUS  camera  data,  and  the  USN  SASS  surveys. 
The  combined  bathymetric  data  suggest  that  the  summit  of  Loihi  has 
an  oval  configuration  with  the  long  axis  parallel  to  the  nft  zone.  A 
summit  depression  about  2,800  m wide  and  3.700  m long  appears 


Digitized  by  Google 


6.  GEOLOGY  OF  THE  SUMMIT  OF  LOIHI SU  BM  ARINE  VOLCANO 


135 


1 55*20'  M 155*10' 


t i 1 

FlCURE  6.2.  — Bathymetnc  map  of  Lothi,  constructed  from  narrow -brim,  multibeam  surveys  earned  out  aboard  the  U.S.  Navy  ship  Hen.  Water  depth  in 
fathoms  ( I fathom  - 1 .83  tn\  Dotted  pattern  shows  flanks  of  volcano  that  may  have  been  subjected  to  mass  wasting  and  talas  formation.  Heavy  hachured  bnc 
indicates  the  location  of  north  and  southeast  nft  rones  of  Lotha.  Profile  S1-M’  refers  to  figure  6.6. 
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FIGURE  6.3.  — Detailed  bathymetric  map  tn  lalhotm  of  summit  area  d Loitu, 
drawn  from  narrow  (team,  multilxam  »urwi  by  the  U.S.  Navy  dup  Hen  and 
narrow-beam  Mirvrys  over  Miiimut  area  by  the  NOAA  ihif»  lairweather  and 
Rtiinier.  Contour  interval  10  fathoms  at  summit  and  30  fathoms  on  flanks. 


to  be  structurally  offset  to  the  east  of  the  north-south  rift  system. 
This  depression,  possibly  a summit  caldera,  is  approximately  128  m 
deep  from  rim  to  floor.  The  shallowest  point  along  the  rim  is  %9  m 
below  sea  level.  Two  pit  craters  within  the  caldera-like  depression 
are  73  and  146  m deep.  The  Loihi  summit  depression  may  be  a 
young  caldera  similar  in  its  geologic  structure  to  that  of  Kilauea 
caldera.  Macdonald  and  Abbott  (1970)  suggest  that  the  develop- 
ment of  a caldera  in  a developing  Hawaiian  volcano,  such  as 
Kilauea,  could  begin  early  in  the  life  of  the  volcanic  edifice,  which 
could  be  the  case  for  young  submarine  volcanoes  such  as  Lothi. 

The  geographic  proximity  of  Kilauea  and  Loihi  and  the 
common  deep  magmatic  source  (Klein,  1982)  suggest  that  both 
Kilauea  and  Loihi  are  in  their  early  stages  of  edifice  development. 
Indeed,  the  location  and  size  of  Loihi  indicate  that  it  may,  in  fact,  be 
the  youngest  Hawaiian  volcano.  Therefore,  the  Loihi  summit  may 
be  undergoing  periods  of  swelling  and  shrinking  as  a result  of  shallow- 
magmatic  injection  and  removal  through  flank  eruptions,  similar  to 
those  that  occur  at  Kilauea.  Such  magmatic  processes  could  result  in 
the  formation  of  a subsidence  caldera  on  Loihi.  The  summit 
depression  of  Loihi  is  surrounded  by  an  oval  ring  of  bathymetric 
highs  (fig.  6.3)  that  could  mark  the  outer  rim  of  the  caldera. 
Alternatively,  the  bathymetric  highs  could  also  mark  a ring  of 
individual  volcanic  cones  or  vents  on  the  summit.  A physiographic 
diagram  of  the  summit  of  Loihi,  based  upon  the  high-resolution 
bathymetric  data,  was  drawn  by  the  author  (fig.  6.4)  to  show  the 
structural  relation  between  the  location  of  the  summit  depression  and 
the  flank  nft  zones  (Maiahoff  and  others,  I982)i  As  in  the  case  of 
Kilauea.  the  two  pit  craters  appear  to  have  been  formed  on  the  floor 
of  the  Loihi  summit  depression.  The  structural  setting  of  the  summit 
depression,  based  upon  analyses  of  the  bathymetric  data,  suggests 
an  offset  between  the  north  flank  and  south  flank  rifts  at  the  summit 
of  Loihi. 


STRUCTURE  OF  THE  LOIHI  EDIFICE 

Studies  of  earthquake  distribution  beneath  the  summits  of 
Mauna  Loa,  Kilauea  and  Loihi  by  Klein  (1982)  indicate  that 
between  the  surface  of  the  Island  of  Hawaii  and  a depth  of  about  40 
km  these  volcanoes  have  separate  volcanic  conduits.  Below  that 
depth  the  earthquake  hypoc enters  form  a more  common  zone.  The 
Hawaiian  hot  spot  is  interpreted  by  Klein  (1982)  to  be  at  a depth  of 
60  km  between  and  beneath  the  three  volcanoes.  Magmatic  activity 
at  the  three  volcanic  sites  can  be  explained  by  a dynamic  model  of  an 
idealized  Hawaiian  volcano  developed  by  Eaton  and  Murata 
(I960)  and  Eaton  (1962),  and  by  Klein  (1982)  from  interpretation 
of  seismic  events  associated  with  Kilauea  and  Loihi.  This  model 
shows  the  location  of  a magma  reservoir  to  be  2 to  3 km  beneath  the 
summit  caldera.  This  magma  reservoir  is  refilled  with  magma  from 
the  60 -km -deep  hot  spot  source.  In  this  model,  flank  eruptions  are 
followed  by  the  partial  emptying  of  the  reservoir  and,  in  the  case  of 
large  flank  eruptions,  by  the  formation  of  pit  craters  at  the  summit. 
Growth  of  the  volcanic  edifice  occurs  as  surface  lava  flows  emanate 
from  the  summit  and  the  flank  nfts,  and  the  intrusion  of  magma 
forms  dike  complexes  within  the  nft  zones.  The  source  for  these 
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magmatic  events  in  the  model  appears  to  be  a summit  magma 
reservoir.  It  is  assumed  in  this  paper  that  the  magmatic  plumbing  of 
Loihi  is  similar  to  that  of  the  model. 

Magnetic  anomalies  have  been  used  in  the  past  to  study  the  size 
and  shape  of  dike  complexes  within  active  and  extinct  volcanic 
centers  of  the  Hawaiian  Islands  (Malahoff  and  Woollard  1968, 
1970)  AeromaLgnetic  studies  of  the  active  volcanoes  along  the 
Islands  of  Vanuatu  (Malahoff  1970)  showed  the  superposition  of 
short -wavelength,  reversed  magnetic  anomalies  on  the  normally 
magnetized  bipole  anomalies  located  over  the  edifices  of  the  vol- 
canoes. Models  based  upon  the  wavelength  of  the  observed  magnetic 
anomaly,  the  magnetization  of  the  volcanic  edifice,  and  the  contained 
dike  complex  were  used  by  Malahoff  and  Woollard  ( 1 968,  1 97 1 ) to 
construct  calculated  anomalies  that  were  matched  to  those  observed 
above  the  volcanic  centers  of  Hawaii.  Johnson  and  Malahoff  (1971) 
conducted  magnetic  anomaly  studies  over  Macdonald  submarine 
volcano,  at  the  southern  end  of  the  Austral  Island  chain.  Macdonald 
Volcano  marks  the  active  volcanic  center  of  the  Austral  Islands  hot 
spot.  A 500-nanotesla  (nTX  reversely  polarized  magnetic  anomaly 
is  superposed  upon  the  normally  polarized  bipole  of  the  volcano.  In 
the  aeromagnetK  study  of  the  Vanuatu  volcanoes,  Malahoff  (1970) 
detected  a similar  reversely  magnetized  short-wavelength  anomaly 
over  the  active  Ambrym  Volcano  and  interpreted  that  anomaly  to 
reflect  the  presence  of  rocks  having  temperatures  above  the  Curie 
point,  approximately  578  °C  for  magnetite  (Nagata,  1961 X within 
the  edifice  of  the  volcano.  Johnson  and  Malahoff  (1971)  interpreted 
the  origin  of  the  observed,  reversely  polarized,  secondary  magnetic 
anomaly  above  Macdonald  Volcano  to  also  be  due  to  the  presence 
of  volcanic  rocks  heated  above  the  Curie  point  within  the  edifice  of 
the  volcano,  thus  possibly  marking  the  site  of  a magma  reservoir, 

Ilie  compilation  of  the  residual  magnetic  anomaly  data  over  the 
southern  end  of  the  Hawaiian  Island  chain  is  depicted  in  figure  6. 5. 
All  volcanoes  on  the  Island  of  Hawaii  show  the  presence  of  normally 
polarized,  high-amplitude  magnetic  anomalies,  such  as  750  nT  for 
Kohala  Volcano,  1,250  nT  for  the  east  rift  zone  of  Ktlauea,  900 
nT  for  Mauna  Kea,  100  nT  for  Kilauea,  600  nT  for  Hualalai,  800 
nT  for  Mauna  Loa  and  1,100  nT  for  Loihi.  The  high -amplitude 
anomalies  are  formed  by  the  combined  magnetic  effects  of  the 
volcanic  edifice  and  the  intrusive  dike  systems  within  the  edifice.  The 
aeromagnetK  profiles  over  Loihi  were  flown  at  an  altitude  of  2,800 
tn.  A northwest-  to  southeast-oriented  magnetic  anomaly  profile  was 
also  taken  aboard  the  research  vessel  Kana  Kcal(i  across  the  summit 
of  Loihi  and  approximately  above  the  long  axis  of  the  edifice  (profile 
M-M ’,  fig.  6.2).  Figure  6.6  illustrates  the  wavelength  and  ampli- 
tude of  the  residual  magnetic  anomaly  of  this  profile.  At  sea  level, 
the  total  amplitude  of  the  normally  polarized,  residual  magnetK 
anomaly  above  Loihi  is  3,900  nT  (peak-to-peak)  It  is  assumed  that 
the  normal  polarity  of  the  residual  magnetic  anomaly  is  due  to  the 
presence  of  flow  and  dike  basalt  younger  than  0.7  Ma,  the  age  of 
the  present  normal  magnetic  polarity  epoch  (LaBrecque  and  others, 

1977) 

It  is  interesting  to  note  that  superposed  upon  the  normally 
polarized  magnetic  bipole  anomaly  is  a reversely  magnetized  bipole 
anomaly  with  a peak-to-peak  amplitude  of  1,600  nT.  As  with 
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FltiURE  6.4.  — Respective  physiographic  drawing  of  sumnut  of  Loihi.  constructed 
from  bathymetric  data  base  shown  in  figure  6.3-  Spol  depths  in  fathoms.  Principal 
physiographic  features:  A.  southeast  flank  nft;  B.  summit  caldera  with  pit  cralen; 
C.  north  flank  rift. 


similar  studies  of  secondary  bipole  residua]  magnetic  anomalies 
observed  over  active  volcanoes  (Malahoff,  1970;  Johnson  and 
Malahoff,  1 97 IX  the  interpretation  of  the  observed  magnetic  anom- 
aly is  based  upon  several  speculative  source  models.  Using  a two- 
dimensional  model  technique  (HcirtzJer  and  others,  1962)  and  the 
assumption  of  only  a terrain  effect  for  the  normally  magnetized 
bipole  anomaly,  a bulk  rock  magnetization  of  75  X 10“  3 emu  was 
required  to  construct  a calculated  anomaly  for  the  edifice  of  Loihi 
that  would  match  the  observed  bipole  anomaly.  The  assumed 
magnetization  of  75  X 1 0 3 emu  for  the  volcanic  edifice  of  Loihi  falls 
within  the  range  of  20  x 10"  3 emu  to  1 50  X 10"  3 emu  measured  by 
Johnson  and  Clague  (1981)  for  the  magnetization  of  samples 
recovered  by  rock  dredging  from  Loihi.  The  observed  anomaly  can 
also  be  matched  with  a calculated  anomaly  based  upon  a terrain 
model  with  an  associated  dike  complex  having  a magnetization 
contrast  of  1 5 X 10  3 emu,  extending  to  a depth  of  40  km  below  the 
summit.  In  both  of  these  terrain-effect  calculations,  however,  the 
reversely  magnetized,  superposed  bipole  anomaly  (fig.  6.6)  is 
difficult  to  account  for.  As  a speculation,  the  reversely  polarized 
anomaly  was  modeled  by  using  a nonmagnetic  block  (rocks  healed 
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FlCiUKfc  6.  5.  — Residual  total-force  ma«nrtK  anomaly  map  of  Island  of  Hawaii  and  surrounding  ocean  area*.  intensity  m nanoteslas  (nTl  Data  obtained  front  *eroma$netK 
flights,  altitude  2,000  m a bow  ki  level  owr  ocean  and  lower  slope*  of  island  Flight  altitude  3.000  m above  Mama  Kra  (MK)  and  Mauna  Lo*  (ML3  Other  vokaroc 
center*:  KO,  Kobala;  H.  HuaUlai;  K,  Kilauea:  HR,  Puna  Rtdge;  W.  Wini  Seamount;  A.  Afwupou  Seamount;  D.  Day  Seamount.  Dolled  contour  line*  owr  Loihi 
summit  show  general  bathymetry  m fathom*.  Haleakala-Mauoa  Kea  Kilauea  trace  of  hot  spot  shown  by  line  H Ki  ibe  Kahnolawr-HualaLai- Mauna  Loa-Lnilu  trace 
shown  by  line  K-L.  Aeromagnetic  data  from  Malahufi  and  WooBard  (1*1701 
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Figure  6.6.  — Residual  total-force  magneUc-aoomzIy  prohle.  A/-.W  (i ct  IochUmi  on  ti*.  6.2X  obMvmi  *t  wa  Irvd  above  Hank  nfu  and  summit  of  Loihi  Magnetic 
intensity  in  nanoletla*  (nTX  Principal  component!  of  profile:  profile  A.  normally  polarized  residual  total-force  magnetic  anomaly;  profile  B.  stippled  area  representing 
reversely  magnetized  section  along  profile  A.  Profile  B alto  shown  in  upper  diagram  hi  form  of  residual  anomaly  subtracted  from  profile  A.  Calculated  profile,  lower 
diagram,  based  on  model  of  surbciai  terrain  effect  and  a magnetic  dike  complex,  with  assumed  magnetization  contrast  of  IS x 10  ■ emu  extending  to  depth  of  40  km. 
Calculated  profile,  upper  diagram,  is  based  on  model  of  nonmagnetic  magma  chamber  within  Loshi  edifice  Dashed  area  (upper  diagram)  represents  normally  polarized 
anomaly  segment  withm  profile  B assumed  to  reflect  small  magnetic  body  within  magma  chamber 


above  the  Curie  point)  7 km  wide,  possibly  3 km  in  vertical  extent, 
located  beneath  the  surface  of  the  Loihi  summit  and  divided  in  half 
by  a vertical  rock  body  less  than  I km  wide  having  temperatures  j 
below  the  Curie  point  (normally  polarized;  fig.  6,6).  This  spec- 
ulative interpretation  of  the  observed  residual  magnetic  anomaly  j 
profile  over  Loihi  is  based  upon  one  of  a number  of  models  and 
suggests  the  presence  of  a heated  rock  body  within  the  edifice  of 
Loihi  Volcano.  This  rock  body  could  be  a shallow  summit  magma 
reservoir  that,  as  at  Kilauea,  may  be  structurally  expressed  at  the 
summit  by  the  presence  of  a caldera  and  pit  craters. 


NEOVOLCAN1C  ZONES  OF  THE  LOIHI  SUMMIT 

The  geologic  interpretation  of  bottom  photographic  data  (fig. 
6.7)  from  the  summit  of  Loihi  shows  a broad  range  of  lava  types  and 
vents  present  on  the  summit.  The  photographic  data  were  obtained 


using  the  Woods  Hole  Oceanographic  Institution's  ANGUS  cam- 
era system,  with  a bottom- transponder  navigation  network  and  tow 
altitudes  of  5 to  20  m above  the  ocean  floor.  The  data  were  visually 
examined  for  the  presence  of  geologic  features  such  as  fresh  or 
broken  pillow  lava,  lobate,  sheet,  aa  and  pahoehoe  lava  flows,  talus, 
exposed  dike  systems,  smooth  or  rippled  sediment,  visible  structural 
features  such  as  faults  and  fissures,  and  evidence  of  hydrothermal 
activity,  such  as  yellow,  orange  or  green  precipitates  (that  is, 
nontronite;  Malahoff  and  others,  1 982 X or  the  presence  of  hydro- 
thermal chimneys.  F’hotointerpretation  techniques  used  in  this  study 
were  similar  to  those  used  by  Ballard  and  others  (1979,  1982)  and 
Crane  and  Ballard  (I960)  for  ANGUS  photographic  data  taken 
over  the  neovokanic  zone  of  the  Galapagos  Rift.  Photographs  were 
analyzed,  frame  by  frame,  and  condensed  into  the  interpretative 
geologic  map  shown  in  figure  6.7.  The  most  interesting  observation 
derived  from  the  study  of  the  photographic  data  over  the  Loihi 
summit  is  the  relatively  small  area  covered  by  fresh  lava  flows.  The 
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FIGURE  6.7. — Inlrrprriivr  ktoIokh  map  of  Lothi  »umtni1  irn  Geologic  tymboU  arr  drawn  along  track Imr*  <4  ANGUS  camera  *y*tem.  Geologic  data  are 
«uperpo**d  upon  high  resolution  bathymetric  map  (contour  interval.  10  fathom*); 
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FIGURE  6.8.  — Ocean-floor  photographs  a l u and  pillow  Bows  and  Loihi  summit  A.  Block),  fresh  transitional  pahorhoc  lo  aa  Bow.  south  caldera  run;  p hot oc overage 
14  by  22  in.  lot  at  son  at  155*14.9'  W..  I8°53,7'  N.  B.  Block),  fresh  transitsonaJ  from  pahoehor  to  aa  flow,  photocomagr  7 by  1 1 m.  location  same  as  m 8 A.  C.  Fresh 
pillow  basalt,  northeast  rim  of  Loihi  caldera;  p hot  oc  overage  10  by  14  m;  kx  at  son  at  1 55°  1 4.9'  W..  I8°56.8'  N O.Ialus  along  western  inner  margin  of  the  summit 
depression,  photocomage  10  by  14  m.  Yellow  lo  orange  hydrothermal  nnntronile  corns  much  of  central  area  of  photograph,  location  at  I55"I5.95'  W..  I8°55'  N. 


freshest  lava  flows,  those  with  high  photoreflectivity  and  no  visible 
sign  of  sediment  coverage  (fig.  6.8A,  B\  were  found  to  originate 
from  volcanic  centers  along  the  southern  edge  of  the  Loihi  summit 
depression.  The  two  longest  lava  flows  appear  to  extend  a maximum 
distance  of  1 ,800  m from  their  sources,  which  are  at  water  depths  of 
970  to  1 ,060  m.  The  photographic  data  suggest  that  these  lava 
flows  consist  largely  of  pillow  (fig.  6.8C)  and  lobate  flows  at  the  vent 
sites  and  transform  into  lava  types  similar  to  aa  or  broken  sheet  flows 
(fig.  6.8A,  6.9B)  downslope  from  the  vent  site. 

The  steeper  slopes  of  Loihi  outside  the  summit  depression  are 
covered  by  talus,  as  are  the  steeper,  inside  slopes  of  the  pit  craters 
(fig.  6.9B\  The  floors  of  the  two  pit  craters  appear  to  be  covered 


by  sediment.  Talus  appears  to  be  common  in  the  photographic  data. 
Sheet  flows,  similar  in  their  photographic  appearance  to  those 
observed  by  Ballard  and  others  (1979.  1982)  over  the  Galapagos 
Ridge,  were  photographed  at  several  sites  at  the  northeastern  rim  of 
the  summit  depression  (fig.  6.9A).  Sheet  flows  appear  to  form  at  the 
site  of  submarine  volcanic  eruptions  where  higher  magmatic  volumes 
and  higher  extrusion  temperatures  may  have  occurred.  These  flows 
occupy  areas  of  the  Loihi  summit  that  are  less  than  a few  thousand 
square  meters  m area.  They  appear  to  undergo  mechanical  breakup 
soon  after  extrusion,  with  the  downslope  mass  wasting  resulting  in 
the  formation  of  talus  (fig.  6.9  B\  Downslope  mass- wasting  talus 
development  has  apparently  been  extensive  enough  to  expose  the 
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Fk.URF  6.9.  — Ocean  floor  photographs  of  fresh  sheet  flows,  broken  sheet  flows,  exposed  dikes,  and  lobate  8mn,  1 joibi  summit  A.  Fresh  sheet  flow,  show  mg  mitral  stages  of 
mechanical  breakup;  photocoverage  I 3 by  20  m;  location  at  I 55 '14  8'  W. . 18  '54.65'  N.  B . Talus  devised  from  broken  sheet  flow  , phot ix overage  10  by  14  m.  location 
same  as  m9A.  C.  Exposed  dike  rocks,  north  run  Lothi  caldera;  phot oc overage  24  by  36  m;  localion  at  1 55° I 5 7'  W.,  I8°50.7'  N D.  Ponded  lobate  and  piOow  flows; 


phot oc overage  17  by  25  m.  location  at  I55°I5  4 W.  18' 56'  N. 

underlying  dike  structure  (fig.  6.9C)  at  the  northern  edge  of  the 
summit  depression.  Ponded  lava  is  also  observed  (fig.  6.9 D\ 
Incipient  lobate  flows  appear  to  have  developed  in  association  with 
the  lateral  lava  drainage  out  of  the  lava  ponds,  that  formed  in  flat 
lying  areas  of  the  summit  depression. 

The  slopes  of  the  two  pit  craters  within  the  summit  depression 
appear  to  be  covered  by  talus.  Rippled  sediment  and  talus  cover 
large  areas  of  the  basaltic  floor  of  the  summit  depression  and  the  pit 
craters.  Lava  flows  with  the  freshest  appearance  in  the  photographs 
are  on  the  southern  run  of  the  summit  depression.  The  lava  appears 
to  have  erupted  from  vents  on  the  local  highs  that  have  the 
appearance  of  cones. 


Extensive  patches  of  hydrothermally  precipitated  yellow,  red  or 
green  iron  oxide  and  nontronite  (Malahoff  and  others.  1962; 
DeCarlo  and  others,  1983)  cover  areas  of  the  talus  slopes  (fig. 
6.8 D)  and  also  form  fields  of  individual  chimneys  0.5  to  2.0  m high 
(fig.  6.10).  Transponder-controlled  shipboard  dredging  of  two  of 
the  hydrothermal  vent  sites  along  the  southern  edge  of  the  summit 
depression  produced  samples  of  yellow-brown  goethite  and  non- 
tronile.  similar  in  composition  to  the  iron-rich  montmonllonite- 
nontronite  recovered  from  the  Red  Sea  Rift,  the  East  Pacific  Rise 
and  the  Galapagos  hydrothermal  mounds  (Malahoff  and  others. 
I982X  as  well  as  from  the  caldera  of  Axial  Volcano  on  the  Juan  de 
Fuca  Ridge  (McMurtry  and  others.  1984).  The  shape  and  size  of 
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FlCURll  6.10. — Ocean-floor  photograph  of  hydrothermal  held,  southeast  edge. 

Loihi  summit  depmuon.  Hydrothermal  chimneys  0.5  to  2 m high.  Dark  areas  to 

ude  a#  chimneys  are  shadows  cast  by  camera  strobe  lights,  phot oc cxvrrage  1 4 by  22 

m.  location  at  155*14.75'  W..  18*54.45’  N. 

the  low  temperature  hydrothermal  chimneys  of  Axial  caldera  are 
similar  to  those  photographed  by  the  ANGUS  system  over  Loihi. 
More  than  1 00  chimneys  can  be  counted  in  the  photograph  of  figure 
6. 10,  which  covers  an  area  of  approximately  22  by  14  m. 

The  hydrothermal  vent  fields  on  the  summit  of  Loihi  are  as  long 
as  600  m.  Malahoff  and  others  (1982)  measured  water  temperature 
anomalies  of  greater  than  I °C  at  a water  depth  of  10  m above  the 
ocean  floor  where  the  nontronite-iron  oxide  deposits  are  situated, 
suggesting  an  extrapolated  temperature  of  about  30  °C  at  the  vent 
sites  on  the  ocean  floor.  Most  of  the  hydrothermal  fields  mapped  in 
this  study  are  characterized  by  the  presence  of  reddish-yellow 
hydrothermal  precipitates  deposited  on  the  surface  of  sediments  (fig. 
6. 1 0X  on  talus  (fig.  6.8D)  or  along  cracks  and  fissures  of  sheet 
flows.  All  the  hydrothermal  vents  with  identifiable  chimneys  mapped 
in  this  study  are  adjacent  to  fresh  lava  flows  (fig.  6.7)l  The 
association  between  fresh  lava  flows,  visible  hydrothermal  vent  fields 
and  water  temperature  anomalies  is  common  at  midocean  ridge-crest 
sites  (Haymon  and  Kastner.  1980;  Lonsdale  and  others,  1980; 
Ballard  and  others,  1981;  B&cker  and  others.  1985;  Hekinian  and 
Fouquet,  1985)  and  ridge-crest  submarine  volcanoes  such  as  Axial 
(Malahoff  and  others,  1984;  McMurlry  and  others,  1984)  and 
along  off-ndge  seamounts  such  as  the  Red  and  Green  Seamounts  off 
the  East  Pacific  Rise  at  20°50'  N.  (Lonsdale  and  others,  I982X 
At  the  active  vent  sites  of  Axial  caldera,  outer  zones  of  disaggre- 
gated nontronite  precipitates  are  found  beyond  the  inner  zone  of 
sulfide  precipitation  and  the  middle  zone  of  nontronite  chimneys 
(McMurtry  and  others,  1984;  Arquit  and  others,  I985X  A similar 
outer  zone,  consisting  of  isolated  patches  of  nontronite  deposits,  is 
found  precipitated  on  the  upper  talus -covered  slopes  of  Loihi,  and 
thus  probably  marks  the  outer  zones  of  Loihi  hydrothermal  fields. 

The  depth  of  the  hydrothermal  vent  fields  on  Loihi  mapped  in 


this  study  ranges  from  a shallow  point  of  1 ,043  m below  sea  level  at 
the  southern  rim  of  the  summit  depression  to  1 , 500  m below  sea  level 
along  the  flanks  of  Loihi.  Other  hydrothermal  vent  sites  may  be 
present  along  the  north  flank  and  south  flank  nfts  of  Loihi. 

To  date,  no  high -temperature  hydrothermal  minerals,  such  as 
polymetallic  sulfides,  have  been  sampled  during  this  or  other  ship- 
board rock-dredging  expeditions  cm  Loihi  (Moore  and  others. 
1982;  DeCarlo  and  others,  I983X  although  it  is  possible  that 
polymetallic  sulfides  may  have  been  precipitated  as  chimneys 
(observed  in  the  bottom  photographs)  or  beneath  the  surface  of  Loihi 
(DeCarlo  and  others,  I983X  High-temperature  water  anomalies 
were  not  detected  over  the  summit  of  Loihi  during  the  current 
studies,  and  no  evidence  for  hydrothermal  vent  macro-organisms, 
such  as  worms  or  clams,  has  been  observed  in  the  current  pho- 
tographic data  set  taken  over  the  summit  of  Loihi. 

DISCUSSION 

Loihi  submarine  volcano  is  a young  Hawaiian  volcano  that  is 
969  m below  sea  level  at  the  southern  end  of  the  Kahoolawe- 
Hualalai-Mauna  Loa  limb  of  the  Hawaiian  hot  spot  trace.  The 
comprehensive  bathymetric,  photographic,  geologic,  and  magnetic 
studies  conducted  over  the  Loihi  summit  show  the  volcano  has 
structural  similarities  to  the  young  subaerial  volcanoes  of  Hawaii. 
The  2.8-km-wide  summit  depression,  with  a rim  depth  of  969  m 
below  sea  level  and  a floor  depth  of  1 , 1 34  m below  sea  level  could 
represent  the  initial  stages  of  submarine  caldera  development.  Two 
pit  craters  within  the  summit  depression  are  similar  in  their  structural 
setting  to  craters  on  the  summit  of  Kilauea  Volcano.  The  summit 
depression  of  Loihi  appears  to  be  at  the  intersection  of  two  flank 
rifts.  Most  of  the  volcanic  extrusions  that  have  built  the  edifice  of 
Loihi  probably  erupted  from  the  two  flank  rifts  and  from  summit 
vents,  thus  giving  Loihi  its  elongate  shape.  Although  seismic  studies 
show  that  the  magma  supply  for  Mauna  Loa,  Kilauea  and  Loihi 
originates  from  a common  source  (probably  the  Hawaiian  hot  spot) 
at  a depth  of  60  km  or  more  beneath  the  surface,  all  three  volcanoes 
apparently  have  individual  conduits  and  seismic  further  showing  that 
the  magmatic  cycles  of  the  three  volcanoes  are  largely  independent  of 
each  other.  A pronounced  3.900-nT  peak-to-peak  residual  totaJ- 
force  magnetic  anomaly  is  also  observed  over  the  edifice  of  Loihi. 
Within  the  configuration  of  this  normally  polarized,  bipole  anomaly, 
a shorter  wavelength  anomaly  of  amplitude  1 ,600  nT  and  having  a 
reversed  polarization  is  observed.  The  configuration  of  reversed 
polarization  within  a normally  polarized  magnetic  anomaly  profile 
has  been  observed  over  other  active  subaerial  and  submarine  vol- 
canoes. A speculative  interpretation  of  the  residual  total-force 
magnetic  anomaly  observed  over  Loihi  suggests  the  presence  of  a 
heated  rock  body  or  magma  source,  with  temperatures  above  578 
°C,  7 km  wide  and  3 km  thick  located  within  the  edifice. 

Visual  examination  of  the  photographic  data  reveals  the  most 
common  rock  type  to  be  volcanic  talus.  Ien  fresh  lava  flows  were 
mapped  in  this  study  with  their  vent  sources  traced  to  volcanic 
mounds  located  in  and  around  the  summit  depression.  Fhe  most 
extensively  mapped  lava  flows  with  the  freshest  appearance  are 
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about  2 km  long  and  arc  along  the  southern  run  of  the  depression; 
this  lava  appears  to  have  erupted  from  100-  to  150-meter-high 
volcanic  mounds.  The  lava  mapped  within  these  areas  consists  of 
sheet,  lobate  and  pillow  Bows,  with  aa  Bows  or  broken  sheet  flows 
mapped  along  the  steeper  slopes  of  the  summit.  The  freshest  flows 
have  been  identified  by  Moore  and  others  (1982)  as  tholeiitic  in 
composition,  as  compared  to  older  alkalic  lava  dredged  from  the 
Loihi  edifice.  The  broken  ends  of  fresh  lava  flows  frequently 
observed  directly  above  the  talus  piles  on  Loihi  indicate  that  new 
lava  is  mechanically  disintegrated  into  talus  along  the  summit  slopes 
shortly  after  formation,  thereby  building  a submarine  volcanic  edifice 
that  may  be  composed  of  alternating  layers  of  talus  and  lava  flows. 
Fields  of  hydrothermal  precipitates  consisting  of  blankets  and  chim- 
neys are  all  found  to  be  associated  with  fresh  lava  flows.  No  visible 
hydrothermal  vent  communities,  such  as  the  worm  and  clam  commu- 
nities observed  at  the  East  Pacific  Rise  or  the  Juan  de  Fuca 
hydrothermal  vent  sites,  were  observed  in  this  study.  Similarly,  no 
high  water  temperatures  were  detected  with  the  acoustic  thermometer 
mounted  on  the  camera  sled.  Bottom-transponder  navigation -con- 
trolled dredging  of  the  hydrothermal  vent  sites  produced  samples  of 
nontronite;  therefore,  the  hydrothermal  blankets  and  chimneys 
observed  in  the  photographs  are  probably  constructed  of  nontronite, 
iron  oxide,  and  other  low-temperature  hydrothermal  precipitates. 
Higher  temperature  polymetallic  sulfide  deposition  may  have  taken 
place  within  the  edifice  of  Loihi  during  the  upward  migration  of  the 
hydrothermal  fluids  to  the  surface.  The  data  described  in  these 
studies  do  not  preclude  the  presence  of  unmapped  high  temperature 
smokers  on  Loihi.  The  tectonic,  volcanic,  and  hydrothermal  proc- 
esses observed  over  the  summit  of  Loihi  probably  represent  sub- 
marine geologic  processes  that  may  be  typical  of  those  active  along 
the  summits  of  emerging  hot  spot  volcanic  islands  and  other  major 
submarine  basaltk  volcanoes. 
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GEOLOGY  OF  THE  ISLAND  OF  HAWAII 


Hie  Island  of  Hawaii,  aptly  termed  the  "Big  Island."  is  the 
setting  for  all  current  and  most  historical  volcanic  activity  in  the 
Hawaiian  Chain,  and  the  work  of  the  Hawaiian  Volcano  Obser- 
vatory has  of  necessity  been  concerned  largely  with  the  active 
volcanoes.  Modern  volcanism  can  only  be  understood,  however, 
through  study  of  past  volcanic  activity.  Accordingly,  many  work- 
ers at  HVO  have  participated  in  mapping  projects  that  extend  our 
knowledge  of  Hawaiian  volcanic  history  at  least  back  to  the 
emergence  of  the  volcanoes  above  sea  level. 

The  latest  geologic  map  of  the  Island  of  Hawaii  was  pub- 
lished by  Harold  Stearns  and  Gordon  Macdonald  in  1946  as  part 
of  a series  of  maps  and  descriptive  bulletins  for  all  the  Hawaiian 
Islands.  A revision  of  that  map  currently  being  prepared  by  a 
consortium  of  USGS  and  university  geologists  will  incorporate 
information  from  a number  of  chapters  in  this  section. 

The  section  begins  with  a broad  view  of  where  we  are  now 
and  where  we  have  been  in  our  understanding  of  the  geology  of 
Hawaii.  With  modern  satellites  we  no  longer  have  to  confine 
ourselves  to  earthbound  observation — chapter  8 gives  us  a view 
from  space.  Chapters  9 and  10  treat  radiocarbon  dating,  a 
technique  that  has  been  essential  in  unraveling  the  prehistoric 
record  of  Hawaiian  volcanism.  Kilauea  is  the  most  active 
Hawaiian  volcano  in  recent  times,  and  chapters  II  through  17 
discuss  its  activity  from  the  most  recent  to  the  most  ancient.  Two 
follow  mg  chapters  on  Mauna  Ijoa  provide  comparable  insight  into 
both  the  historical  and  prehistoric  behavior  of  that  largest  volcano 
ill  the  Hawaiian  Chain.  I he  third  volcano  on  the  Big  Island  that 
can  be  considered  active  is  I lualalai;  chapter  20  provides  the  first 
modern  assessment  of  its  geologic  history.  Mauna  Kea.  dormant 
for  about  4,000  years,  underwent  Pleistocene  glaciation  as  well  as 
volcanic  activity — the  relation  between  the  two  is  discussed  in 
chapter  2 1 . 

The  section  concludes  with  a revised  assessment  of  volcanic 
hazards  in  the  I fawanan  Islands;  such  hazards  are  mostly  associ- 
ated with  the  active  volcanoes  on  the  Island  of  Hawaii.  Revised 
hazard-zone  maps  should  be  of  value  to  all  concerned  with  use  of 
the  precious  and  fragile  land  resources  on  the  Big  Island. 
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VOLCANISM  IN  HAWAII 
Chapter  7 


GEOLOGIC  HISTORY  AND  EVOLUTION  OF  GEOLOGIC  CONCEPTS, 

ISLAND  OF  HAWAII 

By  Donald  W.  Peterson  and  Richard  B.  Moore 


ABSTRACT 

The  Island  of  Hawaii  consists  of  five  Quaternary  shield 
volcanoes:  Kohaia,  Maun*  Kea,  Hualalai.  Mauna  Loa,  and 
Kiiauea,  in  order  of  latest  activity.  Loihi  Seamount,  an  active 
volcano  25-30  Ion  south  of  the  island,  may  eventually  grow  to 
merge  with  the  Island  of  Hawaii. 

Early  Polynesian  settlers  on  Hawaii  kept  no  written  rec- 
ords, and  the  visits  of  the  earliest  European  explorers  were  too 
brief  to  contribute  much  information  about  the  volcanoes.  Sys- 
tematic observations  of  Hawaiian  volcanic  activity  began  in  the 
1820s,  and  records  by  missionaries,  explorers,  botanists,  and 
geologists  described  the  general  characteristics  of  Hawaiian 
eruptions  and  the  morphology  of  the  volcanoes.  During  the  19th 
century,  the  geologists  J.D.  Dana  and  C.E.  Dutton  developed 
basic  concepts  of  Hawaiian  volcanic  processes  that  differed 
considerably  from  ideas  then  commonly  held  about  volcanism. 
The  Hawaiian  Volcano  Observatory,  founded  in  1912  under  the 
direction  of  T.A.  Jaggar,  launched  a program  of  continuous, 
systematic  surveillance  of  Kiiauea  and  Mauna  Loa  Volcanoes, 
which  has  continued  until  the  present  time. 

During  the  first  half  of  the  20th  century,  understanding  of 
the  geologic  history  of  the  island  advanced  by  means  of  fre- 
quent observations  of  eruptions,  recognition  and  study  of  con- 
trasting rock  types,  and  comprehensive  reconnaissance 
mapping  that  charted  the  distribution  of  rock  types  and  the 
structure  of  the  volcanoes.  More  recently,  additional  under- 
standing has  been  achieved  through  geophysical  studies,  off- 
shore submarine  investigations,  numerical  dating  of  rocks, 
advances  in  petrology  and  geochemistry,  continuous  sur- 
veillance and  monitoring  of  eruptions,  and  more  detailed  geo- 
logic mapping. 

These  continuing  advances  have  permitted  earlier  concepts 
on  the  evolution  of  Hawaiian  volcanoes  to  be  gradually  modi- 
fied, and  the  order  of  events,  as  currently  understood,  follows 
this  sequence: 

1.  Initial  stage.  Basanite,  alkalic  basalt,  and  lava  transitional  to 
tholeiite  build  a moderately  steep-sided  edifice  from  the  deep 
ocean  floor. 

2.  Shield- building  stage.  Principal  development  of  shield  vol- 
cano; eruptions  are  frequent  and  voluminous  from  vents  in 
summit  area  and  along  radial  rift  zones;  repeated  cycles  of 
caldera  formation  and  filling;  weight  of  growing  edifice 
causes  regional  subsidence.  Three  substages:  (a)  sub- 
marine— pillow  lavas  build  moderately  sloping  submarine 
edifice;  (b)  sea-level — vigorous  interaction  between  degas- 
sing molten  lava  and  ocean  waves,  lava-steam  explosions, 
hyaloclastite  deposits;  (c)  subaerial  — pahoehoe  and  aa  lava 
flows  build  gently  sloping  shield  volcano;  processes  of  sub- 
stages a and  b may  continue  below  and  at  sea  level. 

3.  Capping  stage.  Alkalic  basalt  and  related  differentiated 


rocks  build  steeply  sloping  cap  over  tholeiitic  shield;  erup- 
tion frequency  diminishes,  explosive  eruptions  increase; 
final  caldera  buried. 

4.  Erosional  stage.  Frequency  of  eruptions  declines  to  zero; 
stream  and  wave  erosion  cuts  valleys  and  cliffs;  coral  reefs 
may  form  offshore. 

5.  Renewed  volcanism  stage.  After  long  quiescence,  highly 
differentiated  lava  and  tephra  erupt  intermittently;  erosion 
and  reef  building  continue. 

6.  Atoll  stage.  Volcano  is  eroded  to  sea  level  abetted  by 
regional  subsidence;  structure  encircled  and  capped  by  coral 
reefs. 

7.  Late  seamount  stage.  Regional  subsidence  eventually  causes 
edifice  to  sink  below  sea  level  where  it  quietly  remains  as  a 
seamount. 

The  volcanoes  of  the  Island  of  Hawaii  represent  only  the  first 
four  stages.  Loihi  is  at  stage  1 or  2a,  Kiiauea  and  Mauna  Loa  are 
at  2c,  Hualalai  and  Mauna  Kea  at  3,  and  Kohaia  at  4. 

The  petrologic  history  of  each  Hawaiian  volcano  is  sum- 
marized by  silica-  and  magnesia-variation  diagrams.  These 
diagrams  also  illustrate  chemical  differences  and  similarities 
among  the  volcanoes,  the  differentiation  trends  of  basaltic 
magmas,  and  the  m^jor  role  played  by  olivine  in  controlling 
basalt  composition. 

Though  volcanic  activity  has  dominated  the  development 
of  the  island,  other  geologic  agents  have  also  been  at  work. 
Subsidence  caused  by  volcanic  loading  occurs  at  a rate  of  a few 
millimeters  per  year.  Eustatic  changes  of  sea  level,  chiefly 
during  the  Pleistocene,  gave  rise  to  marine  terraces,  most  of 
which  are  below  the  modem  strandline.  High  rainfall  on  the 
windward  side  has  caused  erosion  of  deep  canyons  having  thick 
deposits  of  sediment  in  their  lower  reaches.  Pleistocene  glacial 
deposits  cap  Mauna  Kea.  Fault  scarps  are  common  on  the  active 
volcanoes  Mauna  Loa  and  Kiiauea.  Tsunamis  generated  by 
local  and  distant  earthquakes  have  caused  coastline  erosion  and 
redeposition  every  few  decades  through  historical  time  and,  by 
inference,  throughout  the  entire  life  of  the  island. 


INTRODUCTION 

Hawaii,  one  of  the  worlds  largest  volcanic  islands,  lies  at  the 
southeastern  end  of  the  Hawaiian  Ridge,  a linear  chain  of  mostly 
submarine  volcanic  mountains  that  extends  for  3,500  km  through  the 
central  Pacific  Ocean  (fig.  7.11  The  eight  main  Hawaiian  islands 
span  about  640  km  from  southeast  to  northwest;  numerous  small 
islands,  atolls,  reefs,  and  shoals  lie  farther  northwest,  extending  the 
archipelago  proper  to  about  2,600  km.  The  exclusively  submarine 
portion  of  the  Hawaiian  Ridge  continues  northwestward  for  another 
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FIGURE  7. 1.  — Hawanan  ardupriaco  thawing  location  of  eight  main  Hawaiian  Island*  at  toutheaM  end  and  small  iilandi,  atoMs,  and  reefs  that  attend  northwestward  along 
Hawaiian  Ridge.  Pattern  of  maet  show*  location  of  Hawaiian- Emperor  Chain. 


900  km,  then  bends  sharply  northward  to  become  the  Emperor 
Seamounts,  a similar  linear  chain  that  extends  for  another  2,500  km 
as  far  as  the  Aleutian  Trench  (fig.  7.  I)  The  combined  Hawaiian- 
Emperor  volcanic  chain  is  thought  to  record  the  persistent  movement 
of  the  Pacific  plate  over  a stationary  melting  spot  beneath  the  crust 
(Dalrymple  and  others,  1973).  The  magma  generated  erupts  to 
build  volcanoes  at  the  surface  of  the  plate  above  the  melting  spot;  as 
the  plate  moves  on,  these  volcanoes  cease  growing  but  new  ones 
begin.  The  Island  of  Hawaii  is  now  thought  to  lie  just  north  of  the 
melting  spot.  The  origin  of  the  Hawaiian- Emperor  Chain  is 
reviewed  by  Clague  and  Dalrymple  (chapter  I , part  I). 

Hawaii  consists  of  five  individual  volcanoes:  Kohala,  Maun  a 
Kea,  Hualalai,  Mauna  Loa,  and  Kilauea  (fig.  7.2;  table  7.l)i 
They  rise  from  the  sea  floor,  which  lies  here  at  a depth  of  about  5-6 
km;  the  island  is  only  their  uppermost  part,  and  by  far  the  greatest 
part  of  their  bulk  lies  beneath  the  ocean  surface  (table  7.2X  The 
subaerial  part  of  each  volcano  is  typically  shield  shaped,  though 
some  have  been  modified  by  erosion. 

Of  the  five  volcanoes,  Kohala,  which  forms  the  northernmost 
part  of  the  island  (fig.  7.2X  has  been  inactive  the  longest.  Stream 
erosion  has  deeply  incised  its  northeastern  flank,  though  the  other 
flanks  are  less  dissected.  Cinder  cones  stud  the  upper  part  of  the 
shield.  Kohala  last  erupted  at  about  60  ka  (McDougall  and 
Swanson,  1972X  Adjoining  Kohala  on  the  southeast  is  Mauna  Kea, 
whose  summit  (4206  m)  is  the  highest  point  on  the  island.  Cinder 
cones  are  abundant  on  Mauna  Kea;  its  most  recent  eruptions  were  at 
about  3.6  ka  (Porter  and  others,  1979b).  Several  canyons  incise  the 
lower  portions  of  its  northeastern  flank,  whereas  the  remainder  of  the 
volcano  has  been  little  affected  by  erosion. 


South  of  Mauna  Kea  is  Mauna  Loa,  whose  surface  accounts 
for  more  than  half  the  area  of  the  island  (table  7.  IX  A caldera 
occupies  its  summit,  several  pit  craters  indent  the  surface  near  the 
summit,  and  prominent  rift  zones,  consisting  of  cinder  and  spatter 
cones,  spatter  ramparts,  Assures,  and  small  craters,  extend  northeast 
and  southwest  from  the  summit.  Mauna  l^oa  has  erupted  frequently 
in  historical  time,  most  recently  in  1984  (Lockwood  and  others, 
chapter  19,  I985X  and  most  of  its  surface  is  not  eroded.  Northwest 
of  Mauna  Loa  is  Hualalai,  a relatively  steep-sided  shield  with  many 
cinder  cones  on  its  upper  parts;  it  is  essentially  undissected  by 
erosion.  It  has  erupted  once  in  historical  time  (1 800- 1 80 IX  from 
vents  along  its  northwest  rift  zone.  Abutting  Mauna  Loas  southeast 
flank  is  Kilauea.  the  most  readily  accessible  and  best  studied  of 
Hawaii’s  volcanoes.  A caldera  occupies  its  summit  area,  and  several 
large  pit  craters  indent  the  summit  area  and  upper  east  rift  zone. 
Rift  zones  extend  from  the  caldera  to  beyond  the  shoreline  both  east 
and  southwest  from  the  summit.  Kilauea,  like  Mauna  Loa,  has 
erupted  frequently  throughout  historical  time;  the  eruptions  of  these 
two  volcanoes  have  provided  much  significant  information  about 
processes  of  basaltic  volcanism. 

Loihi  is  a seamount  located  30  km  south  of  the  south  coast  of 
Hawaii  (figs.  7.2,  7.8X  Its  highest  point  reaches  to  within  about 
950  m of  the  ocean  surface.  Ongoing  studies  have  revealed  evidence 
of  its  recent  eruptive  activity  and  demonstrate  that  it  is  a growing 
submarine  volcano  (Malahoff,  chapter  6;  Malahoff  and  others, 
1982;  Moore  and  others,  I982X 

The  geologic  history  of  a basaltic  volcanic  island  superficially 
may  appear  to  be  quite  simple — a long  sequence  of  repeated  lava 
! flows  has  constructed  a broad,  layered  volcanic  edifice.  The  wide 


Digitized  by  Google 


FlcaJRfc  7.2. — Island  o(  Hawaii  and  Loahi  Seamount  showing  major  geographic  and  geologic  features.  A,  Generalized  topography  and  boundaries  of  five  volcanoes. 
Contours  and  summit  elevations  m meters.  B,  Major  rift  inoes  and  fault  zoom;  those  on  Kdauea  and  Mauna  Lna  are  named. 


TABLE  7. 1 . — Physical  dimensions  of  the  *u barrio]  portion*  of  Htmtont  volcanoes 
(Adapted  from  Stearin  aad  Macdonald.  1946.  p.  24] 


Volcano 

EkvatMD  of 
higbrtl  penal  I.m) 

Area 

(km*) 

Parc  cm  of  area 
at  niasd 

Mauna  Lua 

4,169 

5,271 

50.5 

KiLauea 

1,247 

1,430 

13.7 

H utlalti 

2,521 

751 

7.2 

.Manna  Kra 

4,206 

2,380 

22.8 

Kuhala 

1,670 

606 

5.8 

Entire  aland 

4.20fi 

10,438 

100 

variety  of  subjects  covered  by  the  succeeding  papers  in  this  section, 
however,  demonstrates  that  such  a view  is  oversimplified,  and  the 
geologic  history  actually  includes  a rich  diversity  of  processes  and 
events  that  were  deciphered  through  the  efforts  of  a long  succession 
of  geologists  and  other  workers.  Hence  the  geologic  history  of  the 
Island  of  Hawaii  will  here  be  related  from  the  point  of  view  of  how 
the  concepts  evolved  during  the  last  two  centuries — in  essence,  a 
history  of  the  development  of  the  understanding  of  Hawaii's  geologic 
history. 
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TABLE  7.2.  — Volume  and  relate*  percentages  of  subaenal  and  submarine  mass  of 
each  volcano  and  for  entire  Island  of  Hauati 

[Vohmetnc  data  from  Barg*/  aad  Jack  ton.  1974,  table  I.  tea  floor  attuned  approximately 
level  at  depth  of  ? km  below  tea  Irtrl] 


Volcano 

Subaenal  pan 

Submarine  pan 

Dual 

Vol-jme 
above 
tea  level 
ilO1  turn 

Fraction 
above 
•ex  level 
(penal) 

Volume 
below 
set  level 
(10*  km  i 

Fraction 
below 
tea  level 
i.  percent) 

Volume  above 
plua  below 
tea  level 
(10*  km) 

Fraction 
of  enure 
aland  man 
(percent) 

Mauna  Loo 

7.5 

17.6 

35.0 

82.4 

42.5 

38 

Kilanc* 

0.7 

3.6 

18.7 

96.4 

19.4 

17 

Hualalai 

06 

4.8 

11.8 

95.2 

12.4 

11 

Mauna  Kcs 

3.1 

12.5 

21.7 

87.5 

24.8 

22 

Knhala 

0.4 

2,9 

13.6 

97.1 

14.0 

12 

Entire  Island  12.3 

10.9 

100.8 

89.1 

113.1 

100 
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DEVELOPMENT  OF  CONCEPTS  OF  THE 
GEOLOGIC  HISTORY  OF  HAWAII 

PROGRESS  FROM  THE  LATE  18TH  CENTURY  TO  THE 
MID-20TH  CENTURY 

It  is  possible  to  summarize  simplisticaUy  the  geologic  history  of 
Hawaii  in  a single  sentence:  Hawaii  has  been  built  of  adjacent  and 
partly  overlapping  mounds  of  basaltic  lava  flows  and  small  amounts 
of  tephra,  which  originated  on  the  ocean  floor  and  successively  grew 
above  the  sea  to  form  the  five  distinct  volcanoes  that  compose  the 
still-evolving  island.  However,  such  a condensed  history  does  not 
consider  related  processes  and  conditions  that  have  shaped  these 
volcanoes,  such  as  changes  in  composition  of  the  magma,  shifts  in 
vent  location,  causes  and  manifestations  of  stresses  within  the 
volcanoes,  diversity  of  eruptive  style  and  flow  behavior,  variations  in 
duration  of  inactive  intervals,  and  interactions  between  eruptive 
products  and  sea  water.  Underlying  the  development  of  the  island, 
however,  is  the  fundamental  process  of  volcanism,  for  without 
countless  and  repeated  volcanic  eruptions,  the  Island  of  Hawaii 
would  not  exist. 

Evidence  of  recent  volcanism  was  noticed  by  even  the  earliest 
European  visitors.  The  journals  of  Captain  James  Cook,  who  was 
the  first  European  to  visit  Hawaii  in  1778,  emphasized  navigation, 
geographic  discovery,  flora,  fauna,  and  the  nature  of  the  endemic 
people,  noted  the  volcanic  characteristics  of  the  island  (Beaglehole, 
1967,  p.  486):  “The  coast  of  the  Kau  district  presents  a prospect  of 
the  most  horrid  and  dreary  kind:  the  whole  country  appearing  to 
have  undergone  a dreadful  convulsion.  The  ground  is  covered  with 
cinders  and  intersected  with  black  streaks  which  mark  the  course  of 
lava  that  has  flowed,  not  many  ages  back,  from  the  mountain  to  the 
sea.  The  southern  promontory  looks  like  the  dregs  of  a volcano.'' 
One  of  Cooks  sailors,  John  Ledyard,  led  a field  party  to  the  interior 
of  the  island,  where  fresh  lava  flows  and  other  signs  of  recent 
volcanic  activity  were  encountered.  Ledyard  (1783)  expressed  the 
astute  opinion  that  the  entire  island  was  of  volcanic  origin.  However, 
members  of  the  Cook  expedition  seemed  unaware  that  the  island 
included  active  volcanoes.  Captain  George  Vancouver,  on  an  expe- 
dition to  Hawaii  in  1793-94,  was  the  first  to  record  volcanic 
activity  on  the  island  (Vancouver,  1 798,  p.  8).  Archibald  Menzies, 
the  botanist  on  the  Vancouver  expedition,  explored  part  of  the 
interior  of  the.  island  and  led  ascents  of  Hualalai  and  Maun  a Loa 
Menzies’  account  of  this  first  recorded  ascent  of  Mauna  Loa  is  a 
fascinating  tale  of  hardship  and  persistence  (see  Hitchcock,  1909,  p. 
63-79J  Menzies  described  the  volcanic  character  of  Mauna  Loa, 
particularly  the  summit  region,  and  he  noted  fume  clouds  and  ash 
issuing  from  Kilauea. 

The  first  detailed  descriptions  of  Hawaiian  volcanic  activity 
were  written  by  missionaries  and  were  based  in  particular  on  a 
notable  tnp  around  the  island  trip  in  1823.  William  Ellis  (1827) 
described  the  characteristics  of  rocks  and  landforms  and  provided 
sketches  and  vivid  impressions  of  the  vigorous  behavior  of  lava  lakes 
and  vents  on  the  floor  of  Kilauea  caldera.  Joseph  Goodrich  (I826X 
an  American  missionary  stationed  at  Hilo,  wrote  to  Benjamin 
Silliman,  editor  of  the  American  Journal  of  Science,  with  informa- 
tion about  Kilauea;  his  earliest  letter  recounted  the  same  journey 


described  by  Ellis.  Based  on  the  volcanic  activity  and  the  landforms 
they  observed  throughout  the  trip,  these  missionaries  ascribed  the 
origin  of  the  entire  island  to  volcanism.  Ellis  summarized  this 
conclusion  as  follows  (Ellis,  1827,  p.  181):  “The  whole  island  of 
Hawaii,  covering  a space  of  four  thousand  square  miles,  from  the 
summits  of  its  lofty  mountains  * * * down  to  the  beach,  is,  according 
to  every  observation  we  could  make,  one  complete  mass  of  lava,  or 
other  volcanic  matter,  in  different  stages  of  decomposition.  Perfo- 
rated with  innumerable  apertures  in  the  shape  of  craters,  the  island 
forms  a hollow  cone  over  one  vast  furnace,  situated  ui  the  heart  of  a 
stupendous  submarine  mountain,  rising  from  the  bottom  of  the 
sea  ***** 

During  the  following  years,  sporadic  visits  to  the  volcanoes 
were  reported  by  missionaries,  sea  captains,  and  a few  other 
persons.  The  accounts  of  most  of  these  visits  are  conveniently 
summarized  by  Dana  (I890X  Brigham  (I909X  and  Hitchcock 
(I909X  The  accounts  of  several  missionaries  of  this  period,  notably 
Goodrich  and  C.S.  Stewart,  were  published  in  the  American 
Journal  of  Science,  the  Missionary  Herald,  and  a few  other  journals 
(see  Macdonald,  I947X  The  botanist  David  Douglas  described  his 
visits  to  Kilauea  and  Mauna  Loa  in  1834  (Douglas,  1914;  Harvey, 
1947,  p.  220-23 IX  These  accounts  document  the  major  changes  in 
the  morphology  of  Kilauea  caldera  and  the  persistent  action  of  the 
lava  lake  and  other  vents  on  the  caldera  floor  during  the  early  and 
middle  decades  of  the  nineteenth  century. 

The  first  systematic  exploration  of  the  Hawaiian  volcanoes  was 
carried  out  by  members  of  the  Wilkes  expedition  during  1840-41. 
Wilkes’  (1845)  own  narrativr  includes  fascinating  accounts  of  the 
exploration  and  of  specific  trips  to  the  volcanoes,  but  J.D.  Dana 
( 1 849)  provided  geological  insight  into  the  volcanoes  and  their  role 
m the  development  of  the  island  (Appletnan,  chapter  60X  Dana 
noted  the  generally  quiet  behavior  of  Hawaiian  volcanoes,  their 
gently  sloping  flanks,  and  the  scarcity  of  products  from  explosive 
eruptions.  He  correctly  ascribed  these  features  to  the  high  fluidity  of 
the  Hawaiian  lava  in  contrast  to  the  more  viscous  lava  of  steeper 
sided  volcanoes  with  more  explosive  habits.  He  also  described  the 
concentration  of  vents  in  the  summit  areas  and  along  narrow  linear 
zones  radiating  from  the  summits  (the  concept  of  the  rift  zoneX  and 
he  correlated  flank  eruptions  of  Kilauea  with  concurrent  subsidence 
of  the  lava  lake  and  caldera  floor — evidence  of  possible  connection 
between  flank  and  summit  magma  conduits.  Even  so.  Dana 
regarded  Kilauea  as  only  a vent  of  Mauna  Loa,  rather  than  an 
independent  vokano.  For  example,  he  described  the  island  of 
Hawaii  as  being  made  up  of  three  volcanoes,  “Mount"  Kea, 
“Mount"  Loa,  and  Hualalai  (Dana,  1849,  p.  159X  and  he  stated 
that  volcanic  activity  was  “confined  to  Loa  and  Hualalai"  (p.  I68X 
I Furthermore,  he  included  his  general  discussion  of  Kilauea  (p. 

* 171-206)  in  the  section  on  Mauna  Loa  (p.  1 68-2 1 4X  Nev- 
ertheless, he  wondered  about  the  lack  of  correlation  in  their  activity 
' and  was  puzzled  that  lava  could  be  elevated  to  erupt  at  the  summit  of 
Mauna  Loa  while  nearly  10,000  feet  lower  an  open,  constantly 
active  conduit  fed  the  lava  lake  at  Kilauea.  Although  he  proposed  a 
separation  of  conduits  (p.  2 1 8- 22 IX  he  did  not  suggest  that 
Kilauea  might  be  an  independent  volcano.  Finally,  be  described 
Kohala  as  a ridge  separated  from  Mauna  Kea  by  a scarp,  but  he 
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did  not  define  it  as  a separate  volcano  or  even  as  part  of  the  three 
volcanoes  making  up  the  island. 

The  eruptive  activity  of  Kilauea  and  Mauna  Loa  during  the 
next  four  decades  (1840-1880)  was  reasonably  well  documented, 
in  spite  of  only  irregular  visits  and  the  lack  of  an  established  system 
of  surveillance.  This  documentation  is  chiefly  owing  to  Titus  Coan,  a 
missionary  stationed  at  Hilo  and  a perceptive  and  dedicated  volcano 
observer.  His  missionary  duties  required  frequent  trips  past  Kila- 
uea, and  from  1840  to  the  early  1880s  he  recorded  the  volcanos 
activity.  From  the  1 850's  he  summarized  his  observations  in  letters  to 
his  friend,  J.D.  Dana,  who  became  the  editor  of  the  American 
Journal  of  Science,  and  Coan's  graphic  descriptions  regularly  found 
their  way  into  the  pages  of  that  journal.  He  also  observed  the 
activity  of  Mauna  Loa,  although  access  there  was  much  more 
difficult;  he  recorded  the  dates  of  eruption,  and  for  most  of  the 
significant  ones  was  able  to  visit  the  scene  of  the  action.  Several  other 
missionaries,  a few  scientists,  and  an  occasional  tourist  also  made 
observations  that  were  published.  These  reports  were  compiled  by 
Dana  (I890X  Hitchcock  (I909X  Brigham  (1909X  and  Macdonald 
(I947X  Nearly  ail  accounts  from  those  of  the  Wilkes  expedition  to  1 
Duttons  study  in  1882  were  purely  descriptive,  but  the  record  they 
chronicled  provided  evidence  supporting  the  concept  that  the  long- 
term growth  of  the  island  was  the  product  of  episodic  lava  flows  from 
the  active  volcanoes. 

C.  E.  Dutton  carried  out  the  most  extensive  geologic  studies  of 
Hawaii  in  the  19th  century  (Dutton,  1884).  He  described  the 
surface  morphology  and  structure  of  the  five  volcanoes.  He  recog- 
nized that  Kilauea  is  a separate  volcano,  distinct  from  Mauna  Loa 
(Dutton,  1884,  p.  120-121)  for  the  following  reasons:  (I)  The 
distance  between  Kilauea  and  Mauna  Loa  is  about  the  same  as  the 
distance  between  other  pairs  of  adjacent  volcanoes  of  the  island;  (2) 
according  to  hydrostatic  principles,  the  difference  in  elevation 
between  lava  lakes  at  Kilauea  and  the  summit  of  Mauna  Loa  is  too 
great  to  permit  liquid  continuity;  (3)  Kilauea  caldera  Mis  situated  on 
a totally  distinct  mountain  pile,”  the  top  of  which  stands 
topographically  above  a saddle  that  separates  the  two  volcanoes. 
Dutton  observed  that  flows  from  the  two  volcanoes  are  intercalated 
and  thus  that  the  two  volcanoes  are  intergrown.  He  concurred  with 
Dana  that  Hawaiian  volcanoes  have  gentler  flanks  than  many  other 
well-known  volcanoes.  Dutton  emphasized  the  immense  size  of 
Mauna  Loa,  especially  in  view  of  its  apparently  huge  submarine 
part,  and  he  reasoned  that  Mauna  Kea,  which  rises  higher  than 
Mauna  Loa  but  has  steeper  sides  and  a smaller  base,  is  considerably 
smaller  in  volume. 

The  distinction  between  the  basaltic  lava  types  of  pahoehoe 
and  aa  commonly  is  credited  to  Dutton  (1884  cited  by  Macdonald, 
1972,  p.  71;  F\*erson  and  Tilling,  I960,  p.  272X  although  Dana 
(1849,  p.  161-163)  accurately  described  “pahoihoi"  and  “clinkers** 
several  decades  earlier.  However,  Dutton  (1884,  p.  95)  apparently 
first  introduced  the  Hawaiian  term  aa  for  the  slaggy.  rough,  clinker y 
type.  After  Duttons  report,  the  terms  aa  and  pahoehoe  came  into 
common  use.  Dutton  (1884)  suggested  that  the  two  lava  types  form 
because  of  contrasts  in  the  dimensions  of  the  lava  flows  and  in  the 
relations  among  lava  movement,  cooling,  and  solidification.  He  also 
(p.  105)  proposed  that  the  term  caldera  is  more  appropriate  than  the 


term  crater  to  describe  the  large  depressions  a!  the  summits  of 
Kilauea  and  Mauna  Loa. 

During  the  19th  century,  Kilauea  s intracaldera  lava  lake, 
which  was  active  for  many  decades,  received  the  most  attention. 
Dutton  described  his  own  observations  and  quoted  extensively  from 
the  writings  of  others  in  summarizing  activity  that  included  vigorous 
fountaining  and  lava  flows,  quiet  circulation  within  multiple  lava 
lakes,  updoming  of  portions  of  the  caldera  floor,  and  noisy  and 
sometimes  spattering  “blowing  cones,"  all  of  which  were  interspersed 
with  major  episodes  of  lava  withdrawal  and  partial  collapse  of  the 
solid  floor  of  the  caldera  (Dutton,  1884,  p.  1 06—  1 19).  Such 
behavior  led  him  to  speculate  (p.  1 26)  that  the  caldera  formed  as  a 
consequence  of  repeated  fluctuations  in  the  height  of  the  lava  column. 
He  reasoned  that  when  the  column  was  high,  wall  rocks  were 
softened  or  melted  by  magmatic  heal,  and  when  the  column  lowered, 
such  weakened  rock  spalled  off  and  sank;  thus  repeated  oscillations 
of  the  lava-column  height  caused  the  depression  to  enlarge.  He 
seems  to  have  visualized  a magma  column  nearly  as  wide  as  the 
caldera.  While  not  every  facet  of  his  explanation  finds  favor  today, 
Dutton  deserves  credit  for  recognizing  the  process  of  collapse  as 
essential  to  the  development  of  the  caldera.  Like  Dana,  he  recog- 
nized that  linear  zones  of  weakness  (now  called  rift  zones)  radiate 
from  the  summit  and  noted  that  eruptions  along  these  zones  were 
accompanied  by  lowering  of  the  lava  column  in  the  caldera. 

Dutton  (1884)  visited  the  source  of  the  1880-81  eruption  of 
lava  from  the  northeast  flank  of  Mauna  Loa,  and  he  accurately 
described  the  structure  and  character  of  the  rift  zone  there.  He  was 
impressed  by  the  large  volume  of  lava  produced  during  this  1 1 - 
month-long  eruption  and  by  the  small  proportion  that  remained  near 
the  vents.  He  identified  vent  areas  of  earlier  eruptions  and  thus 
gained  considerable  insight  mto  the  manner  in  which  the  volcano, 
and  indeed  the  island,  grew  from  rift  eruptions.  A brief  excerpt  is 
appropriate  to  summarize  the  concept  he  visualized  (Dutton,  1884, 

p.  134-135): 

There  is  a U range  fascination  in  wandering  over  this  vast  expanse  of 
desolation . No  doubt  the  dominant  idea  is  the  immensity  of  it.  The  best 
conception  of  the  magnitude  of  Mauna  Loa  is  to  be  obtained  by  attempting 
to  traverse  any  limited  district  of  it  on  foot.  Mile  after  mile  may  be  traversed 
but  the  landscape  seems  ever  the  same.  All  the  great  landmarks  seem  to 
stand  just  where  they  stood  an  hour  before  * * V The  only  alternations  are 
from  aa  to  pahoehoe.  Traces  of  recent  eruptions  are  seen  everywhere,  but  all 
the  views  are  fragmentary.  So  extensive  has  each  and  every  one  of  them  been 
that  the  greater  portions  of  them  always  reach  far  beyond  the  limits  of  vision, 
and  mingling  together  are  lost  in  the  confusion  of  multitude.  The  imagination 
is  discouraged  at  the  thought  that  this  colossal  pile  has  been  buih  up  by 
thousands  upon  thousands  of  these  eruptions 

Dutton  himself  saw  no  eruption  in  Mokuaweoweo,  the  summit 
caldera  of  Mauna  Loa.  However,  from  his  review  of  the  observa- 
tions of  others,  he  concluded  that  activity  at  the  summit  generally 
preceded  flank  eruptions  and  that  summit  activity  declined  and 
ended  when  lava  broke  out  on  the  flanks,  suggest uig  hydraulic 
connections  among  various  vents  of  the  volcano.  As  he  had  for  the 
caldera  of  Kilauea,  Dutton  advocated  for  Mokuaweoweo  an  origin 
by  collapse,  citing  a lack  of  evidence  for  explosive  origin  and  the 
abundance  of  partly  subsided  blocks.  He  speculated  that  a caldera 
would  tend  to  develop  at  the  summit  of  a volcano  when  it  grew  large 
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enough  for  flank  eruptions  to  occur  and  draw  lava  from  a summit 
magma  reservoir,  thus  reducing  support  beneath  the  central  orifice. 
He  therefore  proposed  that  summit  depressions  could  have  existed  at 
both  M&una  Loa  and  Kilauea  throughout  much  of  their  development 
(Dutton,  1884,  p.  I42-I43)l 

Dutton  concluded  that  Mauna  Kea  had  long  been  inactive, 
because  the  rocks  are  deeply  weathered,  soil  cover  is  common,  and 
ravines  and  canyons  disrupt  the  profile  of  the  flanks,  particularly  on 
the  northeastern,  windward  side  (Dutton,  1884,  p.  160, 
168—  1 70X  He  described  the  abundant  cinder  cones  in  the  summit 
area  of  Mauna  Kea  and  took  note  of  the  nearby  flows  of  unusually 
hard  and  flinty  lava  that  was  used  by  Hawaiians  for  tools  and 
weapons  (p.  163- 164 X In  recent  years  these  distinctive  rocks  have 
been  recognized  as  products  of  magmatic  differentiation,  but  the 
idea  of  differentiation  was  spawned  long  after  Duttons  time  and  he 
did  not  speculate  on  the  cause  of  the  somewhat  unusual  character  of 
the  quarried  rock. 

Dutton  mentioned  Kohala  only  briefly,  recognizing  it  as  the 
volcano  longest  inactive  on  the  island,  as  demonstrated  by  its  deeply 
incised  canyons  and  its  thick  soil  (Dutton,  1884,  p.  171).  He 
described  Kohala  lava  as  basalt  with  a tendency  toward  andesite, 
and  he  noted  its  many  cinder  cones.  Similarly,  his  description  of 
Hualalai  is  brief;  He  noted  the  abundant  cinder  cones  m its  summit 
region,  the  basaltic  character  of  its  lava,  and  the  common  occurrence 
of  olivine  (p.  I73-174X  He  stated  (p.  83)  that  Hualalai  erupted 
three  times  in  the  early  19th  century,  later  giving  dates  of  1801  (p. 
181 ) and  of  1805  and  181 1 (p.  1 73X  but  he  did  not  cite  a source  for 
these  dates,  which  are  in  part  at  variance  with  the  now  commonly 
accepted  time  of  eruption  during  1800-1801  (Moore  and  others, 
chapter  20;  EJlis,  1827,  p.  38;  Steams  and  Macdonald,  1946,  p. 
I46X 

Stimulated  by  his  participation  in  the  Wilkes  expedition, 
Professor  James  Dwight  Dana  of  Yale  University  maintained  a 
lively  interest  in  Hawaii  throughout  his  long  and  distinguished 
career.  He  kept  himself  informed  about  virtually  every  reliable 
observation  of  activity  at  Kilauea  and  Mauna  Loa  and  published 
many  accounts  of  it  in  the  American  Journal  of  Science.  Dana  made 
his  second  journey  to  the  islands  in  1887  at  the  age  of  74  and  later 
published  a book  (Dana,  1890)  that  served  for  years  as  the 
definitive  work  on  Hawaiian  volcanoes.  Danas  general  ideas  on  the 
geologic  history  of  the  volcanoes  remained  similar  to  those  he 
developed  on  the  Wilkes  expedition,  which  were  summarized  above. 
However,  he  ultimately  accepted  the  evidence  offered  by  Dutton  and 
others  that  Kilauea  is  a separate  volcano  and  not  part  of  Mauna 
Loa.  This  change  in  opinion  was  evidently  not  easy  for  him,  as  in  the 
process  of  acquiescing  he  devoted  several  pages  (Dana,  1890,  p. 
258-264)  to  recounting  the  virtues  of  his  original  views. 

About  two  decades  later,  two  major  volumes  were  published 
about  the  volcanoes  of  Hawaii  (Brigham.  1909;  Hitchcock,  1909); 
each  includes  a chronological  narrative  of  the  activity  of  Kilauea  and 
Mauna  Loa,  and  each  includes  many  photographs  of  volcanic 
features,  as  well  as  maps  that  illustrate  the  changes  in  caldera 
morphology  through  the  years.  Brighams  work  also  contains  many 
of  his  own  personal  observations  and  experiences.  Hitchcocks 
personal  observations  are  fewer,  but  be  was  particularly  diligent  in 


documenting  information,  and  the  usefulness  of  his  volume  is 
enhanced  because  of  extensive  quotations  from  sources  now  hard  to 
find.  Although  neither  author  developed  new  concepts  on  volcano 
development,  their  descriptive  chronologies  are  very  valuable.  The 
timing  of  their  publication  was  serendipitous,  as  these  unique 
reference  volumes  appeared  just  before  the  establishment  of  the 
Hawaiian  Volcano  Observatory  (HVO)  in  January  1912. 

The  founding  of  the  HVO  by  T. A.  Jaggar  began  the  modem 
era  of  continuous  surveillance  and  systematic  documentation  of  the 
Hawaiian  volcanoes  (Apple,  chapter  61 X Jaggar  and  other  HVO 
staff  members  made  detailed  daily  observations  of  Halemaumau, 
and  various  scientific  instruments  were  introduced  to  complement  the 
regular  program  of  observation.  The  easily  accessible  lava  lake  at 
Halemaumau  offered  abundant  opportunities  for  observation  and 
experimentation,  and  Jaggar  collaborated  with  visiting  scientists  to 
build  a new  understanding  of  the  behavior  of  Hawaiian  volcanoes. 
Vast  amounts  of  data  were  collected  on  the  circulation  and  the  rise 
and  fall  of  the  lava  lake,  composition  of  lava,  character  of  seismicity, 
ground  deformation,  gas  chemistry,  and  lava  temperatures.  In 
addition  to  the  activities  of  the  lava  lake,  all  eruptions  of  Mauna  Loa 
and  Kilauea  were  thoroughly  documented.  Jaggar  made  several 
successful  long-range  forecasts  of  Mauna  Loa  activity. 

Jaggar  was  a geologist  and  a geophysicist;  he  was  a keen 
observer  of  eruptive  phenomena,  and  he  was  much  interested  in 
cx  penmen  tat  too  and  development  of  instruments.  He  and  his  collab- 
orators led  volcanology  from  a science  of  description  to  a science  of 
quantitative  measurement,  experimentation,  and  interpretation.  He 
wrote  prolifically  (see,  for  example,  Jaggar,  1947);  a convenient 
summary  of  his  major  writings  appears  in  Macdonald  (1947,  p. 

83-I03X 

Jaggar  proposed  that  the  magma  column  of  Halemaumau 
consists  of  (I)  hypomagma,  a homogeneous,  aphyric  fluid  from  a 
source  deep  within  the  Earth,  with  gas  contained  in  solution;  (2) 
pyromagma,  a vesiculating  gas-rich  foam,  which  constitutes  the 
highly  fluid  portion  of  lava  lakes  and  includes  the  lava  of  erupting 
fountains  and;  (3)  eptmagma,  which  he  also  called  bench  magma,  a 
highly  crystalline,  pasty,  largely  degassed  but  still-incandescent  lava 
forming  the  floor  and  lining  of  lava  lakes;  he  visualized  epimagma  as 
forming  the  contact  sheath  of  the  magma  conduit.  Although  Jaggar  s 
terms  are  chiefly  applicable  to  active  lava  lakes  and  have  been  but 
little  used,  they  help  to  illustrate  his  key  concept  that  the  rate  and 
i amount  of  gas  vesiculation  determine  the  behavior  of  erupting  lava. 

Jaggar  postulated  a tidal  influence  on  the  behavior  of 
| Halemaumau  lava  lake,  which  led  him  to  propose  that  activity 
peaked  at  solar  equinoxes  and  solstices.  Subsequent  workers  have 
found  little  evidence  to  substantiate  the  latter  proposal,  although 
investigations  continue  into  the  possibility  that  tidal  maxima  serve  as 
a trigger  for  some  eruptions  (Shimozuru,  chapter  49;  Dzurisin, 
I980X  Jaggar  sought  diligently  for  evidence  of  cyclicity  in  eruptive 
behavior,  and  he  was  convinced  that  changes  in  behavior  were 
governed  by  the  11.1  -yr  sunspot  cycle,  upon  which  was  superim- 
posed a 1 34-year  cycle  defined  by  the  interval  between  the  explosive 
eruptions  of  Kilauea  in  1790  and  1924.  Reexamination  of  his 
evidence  and  the  tuning  of  subsequent  eruptions  have  failed  to 
support  his  concepts  regarding  the  sunspot  cycle. 
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He  was  impressed  by  certain  coincidences  of  eruptive  events  at 
Mauna  Loa  and  Kilauea;  although  they  rarely  erupted  simul- 
taneously. Jaggar  thought  he  recognized  lowering  of  the 
Halemaumau  lava  lake  during  eruptions  of  Mauna  Loa.  Hence  he 
advocated  the  view  that  Kilauea  and  Mauna  Loa  are  closely 
interconnected  (jaggar,  1947,  p.  90,  200X  even  though  he  clearly 
regarded  them  as  independent  systems.  He  interpreted  the  island  to 
be  arranged  as  a cross  (Jaggar,  1920,  p.  193-195;  1947,  p.  90  X in 
which  the  north-northeast-trending  upright  extends  from  Mauna 
Kea  summit  through  the  summit  and  along  the  southwest  rift  zone  of 
Mauna  Loa  to  South  Point.  The  transverse  arm  of  the  cross  extends 
between  Hualalai  and  Kilauea  summits,  which  are  symmetrical 
about  the  upright,  and  the  summit  of  Mauna  Loa  lies  near  the 
intersection  erf  the  two  elements.  Kohala  is  not  part  of  this  structure. 
(Thu  cross  pattern  can  be  recognized  by  noting  the  geographical 
relations  of  the  four  volcanoes,  see  ftg.  7.2X  The  supposed  geo- 
graphic symmetry  of  Hualalai  and  Kilauea,  the  record  of  occasional 
explosive  eruptions  of  Kilauea,  and  Kilauea  s lesser  output  of  lava 
than  Mauna  Loa  convinced  Jaggar  that  Kilauea  is  older  than 
Mauna  Loa  and  that  it  is  approaching  the  same  state  of  MdecadenceM 
as  Hualalai  has  achieved  (Jaggar,  1920,  p.  191-198). 

Steams  and  Macdonald  (1946,  p.  135)  demonstrated  that 
Kilauea  and  Hualalai  behave  quite  independently  of  one  another. 
Kilauea  s many  eruptions  since  the  1950s,  as  well  as  pctrogenetic 
considerations  developed  after  Jaggars  time  and  discussed  later 
herein,  refute  any  suggestion  that  the  volcano  is  in  late  decline.  Even 
though  not  all  of  Jaggars  hypotheses  have  withstood  the  test  of  time, 
his  contributions  remain  monumental.  His  many  observations  and 
thorough  documentation  of  the  activity  of  Kilauea  and  Mauna  Loa 
constitute  a permanent  record  of  the  growth  processes  of  Hawaiian 
volcanoes. 

Other  scientists  made  many  contributions  in  studies  of 
Hawaiian  voicamsm  during  the  decades  of  the  1910s  to  1940s.  The 
petrologic  studies  of  Daly  (191 1 , 1914,  1933,  1944),  Cross  (191 5X 
and  Washington  (1923a,  b,  c)  demonstrated  the  near-constant 
composition  of  highly  fluid  lava  throughout  most  of  the  subacnaj 
growth  of  the  volcanoes  and  the  variable  composition  of  the  late 
differentiated  lava.  Through  integrated  field  and  laboratory  studies, 
Sidney  Powers  (1916,  1 920)  helped  document  the  relations  between 
lava  composition  and  eruptive  behavior.  Stone  (1926)  reviewed 
published  reports  of  Kilauea  and  was  perhaps  the  first  to  describe 
the  geology-  and  geologic  history  of  the  whole  of  Kilauea.  H.A. 
Powers  (1935)  evaluated  the  differentiation  processes  and  pointed 
out  that  crystal  fractionation  alone  could  not  account  for  l lawaiian 
differentiated  rocks.  Wentworth  (1938)  examined  geomorphic  proc- 
esses and  the  products  of  explosive  eruptions.  Harold  T.  Steams 
and  colleagues  began  systematic  geologic  mapping  in  the  1920  s, 
which  led  to  the  first  geologic  map  of  a part  of  the  island  (Steams 
and  Clark,  1930)  and  eventually  to  a comprehensive  geologic  report 
about  the  entire  island  (Steams  and  Macdonald,  1 946.X  Their 
geologic  map  of  the  island  (scale  1 : 125,000)  established  a consistent 
stratigraphic  nomenclature  and  thus  provided  a basis  for  examining 
the  stratigraphic  relations  among  the  five  volcanoes  (figs.  7.3  and 
7.4X  The  mapping  was  complemented  by  petrologic  and 
petrographic  studies  (Macdonald,  1949a,  bX  Hie  combined  results 


are  the  foundation  upon  which  all  further  geologic  investigations  of 
Hawaii  have  been  built. 

From  his  studies  throughout  the  islands.  Steams  (1940) 
defined  a progression  of  four  stages  of  voicamsm,  which  he  later 
(1946,  p.  17-20;  1966)  expanded  to  a series  of  eight  stages  that 
describe  the  growth,  erosion,  submergence,  reef  development  and 
posterosion  voicamsm  of  the  Hawaiian  and  other  islands  of  the 
central  Pacific  (fig.  7.5X  The  following  summary  reviews  Steams' 
ideas  as  expressed  in  1946;  their  subsequent  modifications  are 
discussed  later. 

Stage  1 involves  building  the  volcano  from  the  ocean  floor  to 
sea  level.  The  volcano  produces  mostly  pillow  lava,  and  Steams 
believed  then  that  the  submarine  deposits  include  extensive  tuff  from 
explosive  interaction  between  molten  lava  and  seawater.  The  first 
material  to  emerge  above  sea  level  is  poorly  consolidated  ash  that 
erodes  rapidly.  Eventually  subaerial  lava  flows  veneer  this  material, 
reducing  the  rate  of  wave  erosion. 

Stage  2 is  the  subaerial  growth  of  the  volcano.  Countless  thin 
sheets  of  highly  fluid,  compositionally  uniform  primitive  olivine  basalt 
erupt  from  rift  zones  and  a central  crater  to  build  the  volcano; 
Steams  (1946,  p.  17)  described  the  edifice  as  a shield-shaped 
dome.  Eruptions  are  closely  spaced  in  time;  because  of  this  and  the 
high  surface  porosity  that  minimizes  runoff,  virtually  no  stream 
erosion  occurs.  Rare  explosive  eruptions  may  occur.  All  the  vol- 
canoes on  Hawaii  have  already  passed  through  this  youthful  stage. 

Stage  3 of  Steams  is  characterized  by  collapse  around  the 
summit  vent  areas  to  form  a caldera  and  subsidence  along  the  rift 
zones  to  form  craters  and  grabens.  Eruptions  continue  to  be 
frequent,  and  the  lava  continues  to  be  of  uniform  composition. 
Explosive  eruptions  may  occur  slightly  more  frequently  than  during 
stage  2.  Caldera  walls  prevent  overflows  of  lava  onto  the  flanks 
behind  them,  and  so  localized  erosion  and  stream  drainage  may 
develop  on  sectors  of  the  volcano  not  frequently  covered  by  new 
lava.  Kilauea  and  Mauna  Loa  are  now  in  this  stage. 

Stage  4 is  characterized  by  change  in  lava  composition  from 
primitive  basalt  to  more  alkalic  types  such  as  andesite  and  trachyte. 
These  more  viscous  lavas  fill  any  caldera,  craters,  and  grabens  and 
build  a steeper  sided  cap.  Explosive  eruptions  are  common,  ash  is 
interbedded  with  lava,  and  cinder  cones  may  be  abundant.  Intervals 
between  eruptions  are  longer,  and  erosion  increases;  disconformities 
may  separate  successive  flows  and  ash  layers.  Steams  (1946.  p.  19) 
regarded  Hualalai,  Mauna  Kea,  and  Kohala  to  be  in  this  stage. 

Stage  5 is  dominated  by  stream  and  marine  erosion.  Local 
climate  and  exposure  to  prevailing  winds  and  ocean  currents  deter- 
mine the  rale  of  erosion.  The  subsequent  stages  6 (subsidence  and 
reef  buildingX  7 (emergence  and  renewed  voicanismX  and  8 (atoll 
and  resubcnergencc)  (fig.  7.5)  have  not  yet  been  reached  by  the 
volcanoes  of  Hawaii;  they  are  represented  by  volcanoes  on  other 
islands  to  the  northwest. 

This  order  of  stages  as  proposed  by  Steams  (1946,  1966) 
culminated  a century  and  a half  of  gradually  improved  understanding 
of  the  processes  of  growth  and  development  of  Hawaii  and  its  sister 
islands.  Subsequent  studies  have  modified  or  redefined  some  of  the 
stages,  but  much  of  the  early  foundation  remains  firm  to  the  present 
day. 


Digitized  by  Goog 


156 


VOLCANISM  IN  HAWAII 


'WOO 


EXPLANATION 


Kohala 

Unconsolidated 

sediment 

FTT1 

Haw. 

Volcanic* 
c . cone*  and 
dome* 


Pololu 

B«wll 

c.  cuiin  and 

dome* 


Mauna  Kea  Hualalai 

Hualalai 
Volcanic* 
i . historical  flow* 
(year  given) 

. cones: 

Qhw.  IVaawaa 
Trachyte  Member 

c.  cones 


laupahoebne 
Vokanics 
c . cones  and 
domes 

Hamakua 

Volcanic* 


Mauna  Loa 

Kau  Basalt 
f.  historical  (lows 
(year  given): 
c . cones  and  pat 
craters 


Kahuku  Basalt 
c . cones  and  pit 
craters 

Minnie  Basalt 


Kllauea 


Puna  Basalt 

i.  historical  flours 
(year  given); 
c.  cones  and  pit 
craters 


I.0*1-! 


Hllina  Basalt 


• Cinder,  spatter,  or  littoral  cone  * Pit  crater  nr  caldera  Depth  contours  in  fathom*  . Fault  lines  and  borders  o I calderas 

Marhurcs  on  downthrown  side 


FltiURL  7.3  — Geologic  map  of  Itland  of  Hawaii  Geology  from  Steams  and  Macdonald  1 1 946 X with  lava  flow*  from  1946  to  I9B4  added  Taken  from 
American  Association  of  ftlroleum  Geologists  Geological  Highway  Map  Alaska  and  Hawau  K ircum  Pacific  Ijdilion,  1974).  modihrd  with  permission  from 
the  American  Association  of  Petroleum  Onlogists.  Stratigraphic  nomenclature  from  Langrnhetni  and  Olagur  (chaplet  I.  part  III  Figure  7.4  shows  correlation 
of  geologic  units  among  several  volcanoes. 
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FIGURE  7.4. — Correlation  chart  showing  major  rock  umls  on  Island  of  Hawaii  and  ihnr  relative  stratigraphic  position*  Most  name*  established  initially  by  Steams  and 
Macdonald  (19461  socne  amt*  redefiord  by  subsequent  authors;  relations  shown  here  and  nomenclature  from  1 juigcnbrtm  and  Clague  (chapter  I , part  III  Numerical 
ages  generalized  from  radrametnc  values  given  by  vinous  references  cited  m tat.  Dashed  lines:  indefinite,  gradational,  or  controversial  boundaries;  dotted  lines:  glacial 
deposits  (at  Mauna  Kea;  from  Porter,  1979a,  1979b);  wavy  lines:  distinct  hiatus. 


DEVELOPMENTS  SINCE  THE  MID-20TH  CENTURY 

The  recognition  and  definition  of  the  stages  of  island  growth  by 
Stearns  (1946,  1966)  were  achieved  in  spite  of  severe  limitations  in 
the  available  evidence  bearing  on  geologic  history.  The  most  signifi- 
cant limitations  were  these;  (1)  The  submarine  part  of  each  volcano, 
which  records  the  early  geologic  history,  was  inaccessible.  (2)  : 
Present  exposures  reveal  only  the  youngest  rocks  on  most  of  the 
islands  volcanoes.  (3)  Precise  methods  for  dating  basaltic  lava  had 
not  been  developed.  We  will  consider  the  consequences  of  each  of 
these  limitations. 

(1)  Volcanoes  are  roughly  conical  in  shape,  so  most  of  the 
volume  of  volcanic  islands  in  the  deep  ocean  lies  below  sea  level. 
Bargar  and  Jackson  (1974)  used  topography  and  bathymetry  to 
measure  the  volumes  of  subaerial  and  submarine  portions  of  the 
volcanoes  of  the  Hawaiian- Emperor  Chain;  their  results  for  the 
Island  of  Hawaii  are  shown  in  table  7.2.  Only  about  1 1 percent  of 
the  volume  of  the  volcanoes  of  the  island  is  above  sea  level,  yet  only 
the  rocks  and  surface  morphology  of  this  part  were  available  to 
Steams  and  his  associates  for  study.  It  is  this  small  fraction  that 
provided  the  evidence  for  Steams  scheme  of  growth  stages. 

(2)  Of  this  small  subaeriaJ  fraction,  erosion  has  penetrated  the 
surface  lavas  only  slightly  or  not  at  all  on  most  volcanoes  of  the 


island.  Even  on  Kohala  and  Mauna  Kea,  the  most  deeply  eroded 
volcanoes,  the  exposed  sections  reveal  but  a small  fraction  of  the 
geologic  history.  Hence  the  growth  stages  have  been  inferred  chiefly 
from  the  most  recent  events  as  recorded  by  surface  lavas  and  by 
analogy  to  the  older,  more  deeply  eroded  volcanoes  on  the  other 
islands.  Even  on  older  islands,  however,  erosion  has  only  partly 
uncovered  the  subsurface  rocks. 

(3)  Until  the  mid-20th  century,  fossils  were  the  chief  tool  for 
determining  rock  ages,  and  few  Hawaiian  rocks  contain  fossils. 
I fence  the  only  rocks  that  could  be  dated  with  much  confidence  were 
flows  that  had  been  emplaced  during  historical  time.  The  dates  of 
other  geologic  events  were  estimated  by  extrapolation  of  recurrence 
intervals  of  historical  eruptions  or  inferred  from  rates  of  weathering, 
relative  amounts  of  vegetation  growing  on  old  lava,  degree  and 
estimated  rates  of  erosion,  and  stratigraphic  relations  among  the 
exposed  rocks.  Even  though  such  methods  permitted  conclusions  to 
be  reached,  the  lack  of  a way  to  measure  numerical  ages  of  basalt 
placed  severe  constraints  on  many  geologic  interpretations. 

Since  the  tune  of  the  reports  by  Stearns  (1946)  and  Stearns 
and  Macdonald  ( 1946),  the  gaps  in  knowledge  have  been  narrowed 
through  advances  in  a variety  of  disciplines,  including  geophysics, 
petrology,  submarine  geology,  and  radiometric  and  other  dating 
techniques.  Additional  insights  have  been  achieved  through  detailed 
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Figure  7.5.  — Eight  *t*g«  propo«*d  by  Stomi  <1946)  for  geologic  history  of  * 

voir*ror  uiand  in  the  central  Hsrific. 


geologic  mapping  of  many  areas,  sophisticated  applications  of  acnaJ 
photography,  and  sustained  critical  observations  of  a wide  variety  of 
eruptive  activity.  Findings  at  Loihi  Seamount,  30  km  offshore  from 
the  south  coast  of  Hawaii,  and  its  recognition  as  an  active  volcano 
have  been  of  special  value. 

SUBMARINE  INVESTIGATIONS 

Investigations  of  submarine  volcanism  around  Hawaii,  includ- 
ing sea  bottom  photographs  and  studies  of  dredged  samples,  were 
begun  in  the  1960s.  J.G.  Moore  and  collaborators  showed,  for 
example,  that  at  depths  from  490  m to  5, 190  m along  the  submarine 
extension  of  the  east  rift  zone  of  Kilauca,  virtually  all  the  sea -floor 
material  is  fresh  pillow  lava,  some  of  which  is  fragmental;  nearby 
seamounts  are  composed  of  similar  material,  although  most  is  less 


fresh  and  mantled  with  sediment  (Moore  and  Reed,  1963;  Moore, 
1965).  These  studies  found  no  indication  of  chemical  exchange 
between  erupting  lava  and  sea  water;  rock  composition,  including 
water  content,  did  not  vary  with  depth.  A progressive  decrease  in 
vesicle  size,  however,  was  observed  to  a depth  of  about  800  m, 
below  which  only  microscopic  vesicles  were  found.  These  findings 
confirmed  the  long-held  inference  that  pillow  lava  is  the  dominant 
product  of  undersea  basaltic  eruptions  of  Hawaiian  volcanoes. 
Pillow  lava  may  also  form  when  subaerialiy  erupted  lava  enters  the 
sea  (Moore,  1975).  The  systematic  relation  between  water  depth 
and  vesicle  size  apparently  provided  a tool  by  which  the  depth  of 
eruption  of  submarine  lava  might  be  estimated.  It  was  later  found, 
however,  that  alkalic  basalt  dredged  from  Loihi  at  depths  of  I -2  km 
has  high  vesiculanty  in  comparison  with  tholeutic  samples  collected 
at  comparable  depth  (Moore  and  others,  1982,  p.  91 X demonstrat- 
ing that  vesicle  size  is  a function  of  more  than  just  depth  cf  eruption. 

The  restricted  development  of  vesicles  in  submarine  tholeiites 
suggests  that  hydrostatic  pressure  of  sea  water  inhibits  vesiculalion 
and  explosive  eruptions  at  depths  below  a few  hundred  meters 
(Moore,  1965X  In  contrast,  explosive  activity  is  common  at  the 
shoreline  and  in  shallow  depths,  and  it  produces  a zone  of  clastic 
debris  intermixed  with  lava  that  extends  from  sea  level  to  depths  of 
several  hundred  meters  (hg.  7.6).  Lxplosive  interactions  occur 
between  molten  lava  and  sea  water  during  shallow- water  eruptions 
and  also  when  subaerial  lava  flows  enter  the  sea;  the  fragmented 
material  may  then  be  transported  to  cover  deeper  slopes.  Fragmen- 
tation processes  of  explosion,  implosion,  thermal  shock,  and  wave 
abrasion  were  observed  at  Kilauea  from  1969  to  1973  during  flows 
into  the  sea  from  Mauna  Ulu  (Moore  and  others,  1973;  Peterson, 
1976);  the  fragmented  products  are  interleaved  with  coherent  sub- 
aqueous lava  flows,  including  pillow  lava.  Constructional  submarine 
slopes  are  steep  enough  that  slumping  and  landslides  are  common 
processes  (Moore,  chapter  2);  near  Oahu  and  Molokai,  evidence 
has  been  found  for  truly  huge  submarine  landslides  (Moore,  1964) 
Slopes  of  the  subaerial  shields  of  the  volcanoes  arc  more  gentle,  in 
distinct  contrast  to  steeper  submarine  slopes  (Moore  and  Rske, 
1969).  As  the  edifice  grows  through  continuing  eruptions,  the  clastic 
zone  is  covered  by  subaerialiy  erupted  lava,  and  it  forms  a layer 
between  the  submarine  and  subaerial  lava  that  is  a marker  horizon 
attending  through  the  volcano,  preserving  a record  of  the  littoral  and 
shallow-water  processes  and  of  subsidence  of  the  island  (fig.  7.6)l 

These  and  other  investigations  helped  to  characterize  the 
submarine  platform  upon  whkh  the  island  rests  and  the  behavior  of 
lava  in  the  presence  of  seawater.  They  are  limited,  however,  to  the 
exposed  carapace  and  so  do  not  give  direct  information  about  the 
internal  core  and  the  early  history  of  the  volcanoes.  The  recent 
recognition  of  Loihi  Seamount  as  an  active  volcano,  however,  has 
furnished  an  opportunity  to  study  an  earlier  stage  in  the  growth  of  a 
Hawaiian  shield  volcano. 

PETROLOGIC  INVESTIGATIONS 

Studies  of  Hawaiian  lavas  have  made  major  contributions  to 
igneous  petrology  during  recent  decades.  The  lavas  are  ideal  for 
detailed  investigations,  because  they  reflect  magma -generation  and 
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FIGURE  7.6. — Grom  leciKKM  illuMrulm*  oc panic  volcanic  aland*  >n  submarine, 
va- level,  and  sabaertal  ilage*  of  evolution  (reproduced  from  Moore  and  Fake, 
1969,  kg  3,  pi  1200)  Patlrms  indicate  rock  types:  ovals,  pillow  lavas  with 
included  pi  Row  fragments  and  sediment:  lined  pattern,  das  tic  rocks,  induding 
phrralK -oplouoa  ask,  littoral  rone  ask.  and  Bow- foot  breccia  and  including  tome 
pillowed  Bows  and  pillow  breccias:  dark  pattern,  tubaenal  lava  Bows  with  minor 
ash;  solid  black,  intrusive  rock.  Note  contrast  between  submarine  and  snbaenal 
slopes,  continual  ion  of  daatic  layer  beneath  subaerial  shield.  and  downbowmg  of 
sea  Boor  by  sukaidence  caused  by  volcanic  loading-  Deptk  and  elevation  figures  left 
side  are  m feet. 


petrogenetic  processes  uncontaminated  by  assimilation  of  continental 
crustal  rocks.  Recent  petrologic  investigations  of  Hawaiian  lavas  are 
discussed  in  several  papers  elsewhere  in  this  work  (for  cat  am  pie, 
Wight  and  HeL.  chapter  23;  Tilling  and  others,  chapter  24),  and 
the  general  petrologic  development  of  the  individual  volcanoes  of 
Hawaii  is  summarized  later  in  this  paper.  Here  we  relate  the  growth 
stages  established  by  Steams  (1946,  1966)  to  modem  petrologic 
concepts  and  terminology. 

The  terminology  applied  to  the  lavas  of  Hawaii  has  shifted 
considerably  during  recent  decades.  In  this  paper  we  use  the  terras 
tholeute  and  alkalic  basalt  and  names  for  the  other  more  differenti- 
ated lavas  according  to  the  usage  adopted  by  Macdonald  (I960) 
and  Macdonald  and  Katsura  (1961,  1962,  19643  They  concurred 
with  Powers  (1935,  1955)  that  crystal  fractionation  alone  cannot 
explain  all  of  the  chemical  variation  in  rocks  of  the  alkalic  suite. 
Because  no  source  materials  for  assimilation  are  available,  Mac- 
donald and  Katsura  (1961,  1962)  suggested  that  volatile  transfer 
and  thermodifYusion  might  play  a role  in  the  differentiation  proc- 
esses. Another  proposal  was  that  wholly  independent  parent  mag 
mas  produced  the  tholeiitic  and  alkalic  suites  (Kuno  and  others, 
1957k  but  Macdonald  and  Katsura  (1962)  opposed  this  idea 
because  of  the  small  proportion  of  rocks  representing  alkalic  magma. 
These  and  subsequent  studies  have  retained  the  concept  that  volu- 


minous and  frequent  eruptions  of  tholeiitic  lava  build  a shield  volcano 
(stage  2 of  Steams.  I946X  with  or  without  a summit  caldera,  and 
that  this  is  followed  by  a transition  to  less  frequent  and  less 
voluminous  eruptions  of  more  alkalic  lava  and  tephra,  which  build  a 
steeper  sided  carapace  atop  the  shield  (stage  4 of  Steams,  1946). 

Rrtrologists  have  long  sought  to  explain  the  origin  of  these  two 
suites  of  lava.  Samples  of  lava  erupted  at  Kilauea  Volcano  from  the 
1950's  to  the  present  have  helped  relate  eruptive  behavior  to  the 
pet ro genesis  of  tholeiitic  magma  (for  example,  Macdonald  and 
Katsura,  1961;  Murata  and  Richter.  1966;  and  Wright,  I973)l 
Lava  of  the  tholeiitic  suite  exhibits  small  but  distinct  chemical  and 
mineralogical  variations;  most  of  these  variations  can  be  explained  by 
the  addition  or  subtraction  of  olivine,  and  hence  such  lava  is  referred 
to  as  olivine-controlled  lava. 

Powers  (1955)  first  proposed  the  concept  of  distinct  batches  of 
magma  derived  from  different  parts  of  the  mantle  to  explain 
variations  other  than  those  caused  by  olivine  control.  It  was  subse- 
quently shown  that  olivine-controlled  tholeiiles  of  Maun  a Loa 
appear  to  have  been  derived  from  a single  batch  of  magma,  whereas 
olivine-controlled  tholeiites  of  Kilauea  seem  to  have  come  from 
several  separate  batches  (Wright.  1971;  Wright  and  Fiske,  1 97 IX 
Later  work  identified  ten  different  chemical  variants  (magma 
batches)  of  Kilauea  magma,  which  are  mixed  in  varying  proportions 
to  produce  the  lavas  erupted  between  1968  and  1974  (Wight  and 
others,  1975;  Wnght  and  Tilling,  1980X  Trace-element  contents  of 
the  tholeiites  of  Mauna  Loa  and  Kilauea  indicate  derivation  from 
more  than  one  parent  magma,  confirming  Powers’  (1955)  earlier 
deduction;  the  magma  for  each  volcano  was  generated  by  distinctive 
partial -melting  processes  in  different  mantle  source  regions  (Leeman 
and  others,  I960)  More  recently,  trace-element  data  suggest  that 
olivine-controlled  lavas  of  Mauna  Loa,  like  those  of  Kilauea,  also 
exhibit  long-term  compositional  changes  with  time  (Tilling  and 
others,  chapter  24;  Budahn  and  Schmitt,  I985X 

Wight  (1984)  proposed  that  Hawaiian  tholeiite  is  the  product 
of  partial  melting  of  mantle  material  that  is  residual  from  the  material 
that  earlier  yielded  midocean -ridge  tholeiite  and  to  which  new 
components  have  been  metasomatically  added  from  a deeper  melting 
source  beneath  Hawaii.  This  proposal  is  consistent  with  the  dis- 
tribution of  trace  elements  and  isotopes  in  the  different  tholeiiles. 
These  concepts  provide  a sound  basis  for  the  astute  inferences  by 
early  workers  that  most  of  the  volcanos  volume,  including  much  of 
the  hidden  portion  of  the  shield,  is  constructed  of  tholeiite. 

The  subtle  but  significant  compositional  variations  ui  Hawaiian 
tholeiites  now  provide  problems  and  challenges  that  earlier  workers, 
such  as  Cross  (1915)  and  Washington  (1923a,  b,  c)  never  antici- 
pated, but  the  petrogenesis  of  the  more  alkalic  lava  poses  a 
continuing  challenge.  Although  much  of  the  work  on  problems  of 
alkalic  magma  has  centered  on  other  islands  where  more  highly 
differentiated  rocks  are  well  represented,  three  of  the  volcanoes  of 
the  Island  of  Hawaii  include  alkalic  rocks.  Macdonald  (1968)  has 
provided  a useful  summary  of  the  evidence  that  the  alkalic  and  later 
suites  of  lava  could  be  derived  from  the  tholeiitic  suite  and  that  such 
derivation  is  compatible  with  the  overall  patterns  of  eruptive 
behavior.  These  and  subsequently  developed  concepts  on  the  origin 
of  the  alkalic  suite  are  summarized  by  Clagur  (in  pressX 
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Samples  dredged  from  Loihi  provided  some  inform  At  ion  with 
surprising  implications  for  the  composition  of  the  deep  interior  of 
Hawaiian  volcanoes.  In  addition  to  the  anticipated  thoieiite,  the 
dredge  hauls  included  transitional  basalt,  alkali c basalt,  and 
basanite  (Moore  and  others,  1982;  Frey  and  Clague,  I983)l 
Geochemical  studies  have  led  to  the  inference  that  the  earliest 
erupted  material  was  alkalic  basalt;  the  initial  melted  material 
marking  the  onset  of  a new  volcano  may  normally  be  of  that 
composition  (Frey  and  Gague,  1983).  The  wide  compositional 
variety  of  dredge  samples  suggests  that  a transition  from  alkalic 
volcamsm  to  the  tholeiitic  volcanism  typical  of  the  main  growth  stage 
of  the  shield  may  now  be  in  progress.  Palagonite  coatings  on  the 
samples  of  alkalic  basalt  are  thicker  than  coatings  on  thoieiite, 
suggesting  that  alkalic  basalt  is  the  older  (Frey  and  Clague,  1983) 
Frequent  seismic  swarms  (Klein  and  Koyanagi,  1979)  suggest  that 
Loihi  is  actively  growing.  Stratigraphic  relations  cannot  be  exam’ 
ined,  and  an  alternate  interpretation  is  that  Loihi  may  now  be  at  the 
end  of  the  tholeiitic  stage  and  only  now  is  passing  into  the  alkalic 
stage.  The  frequent  seismicity  however,  as  well  as  the  relative 
thickness  of  palagonite,  render  this  less  likely.  Still  further  implica- 
tions of  the  geochemistry  and  petrogenesis  of  Loihi  are  discussed  by 
Clague  (in  press)  If  Loihi  is  indeed  passing  from  an  initial  alkalic 
stage  to  a tholeiitic  stage,  as  proposed  by  Frey  and  Clague  (1983) 
then  alkalic  volcanism  is  not  solely  confined  to  the  waning  stages  of 
the  life  cycle  of  Hawaiian  volcanoes.  Even  though  it  now  serves  as 
but  a single  example,  findings  at  Loihi  Seamount  suggest  that  the 
hidden  inner  cores  of  Hawaiian  volcanoes  may  record  histories  more 
complex  than  previously  assumed. 

AGE  DETERMINATIONS 

Until  very  recently,  the  lack  of  a method  to  date  young  basalts, 
the  difficulty  of  correlating  laterally  discontinuous  lava  flows,  and  the 
scarcity  of  marker  horizons  placed  severe  limitations  on  stratigraphic 
studies  in  Hawaii.  Even  when  radiometric  dating  techniques  began 
to  be  developed  and  applied  in  the  1 930  s and  1960s,  their 
usefulness  on  Hawaii  appeared  to  be  limited.  Hie  utility  of  the  K- 
Ar  method  is  constrained  because  Hawaiian  rocks  are  very  young 
and  very  low  in  potassium.  As  recently  as  the  early  1970  s, 
radiocarbon  dating  appeared  to  be  applicable  only  to  the  few 
pyroclastic  layers,  because  they  contained  the  only  obvious  organic 
matcrial  intercalated  among  the  lava  flows.  In  spite  of  the  difficulties, 
however,  these  and  other  radiometric  techniques  have  subsequently 
been  utilized  to  obtain  numerical  ages  for  many  of  the  prehistoric 
lavas. 

McDougall  (1964)  obtained  K-Ar  ages  for  rocks  from  several 
of  the  older  Hawaiian  Islands,  but  his  initial  effort  to  date  .samples 
from  Hawaii  (Kohala  Volcano)  was  unsuccessful.  I lowever,  refined 
sample  preparation  and  improved  techniques  enabled  a later  study  to 
succeed  (McDougall  and  Swanson,  1972)  The  ages  of  Kohala 
rocks  in  the  exposed  part  of  the  tholeiitic  suite  range  from  about 
0.46  to  0.30  Ma,  and  ages  of  rocks  in  the  alkalic  suite  range  from 
about  0.26  to  0.06  Ma.  These  results  established  a position  in  the 
geologic  time  scale  for  the  suhaerial  portion  of  Kohala  Volcano, 
providing  information  on  its  growth  rate,  the  interval  between 


tholeiitic  and  alkalic  volcanism,  the  duration  of  alkalic  volcanism. 
and  the  date  of  last  activity.  Perhaps  the  only  other  exposed  basaltic 
rocks  on  Hawaii  old  enough  to  be  within  the  range  of  the  K-Ar 
method  are  those  of  the  Nunole  Basalt  on  the  south  flank  of  Mauna 
Loa;  these  have  yielded  K-Ar  ages  from  more  than  0.  5 to  less  than 
0.1  Ma  (Evernden  and  others,  1964,  p.  156-158)  A chronology 
for  both  volcanism  and  glaciation  on  Mauna  Kea  was  established 
with  the  aid  of  K-Ar  and  radiocarbon  techniques  (fig-  7.4;  Porter, 
chapter  21.  1979a,  1979b;  Porter  and  others,  1977) 

Initial  attempts  al  radiocarbon  dating  of  Hawaiian  samples  in 
the  1960s  were  confined  to  carbonized  residues  found  in  ash  layers; 
results  were  not  then  published.  During  the  early  systematic  geologic 
mapping  of  Mauna  Loa  in  the  mid-1970s,  methods  for  Ending 
carbonized  organic  remains  beneath  lava  flows  were  improved, 
providing  considerable  material  for  radiocarbon  dating  (Lockwood 
and  Lipman,  1980)  llus  led  to  many  successful  radiocarbon  age 
determinations  for  lava  flows  on  the  volcanoes  of  Hawaii  (Rubin  and 
others,  chapter  10;  Kelley,  1979;  Kelley  and  others,  1979) 
However,  application  of  the  radiocarbon  method  is  constrained  both 
by  its  upper  limit  of  30-40  ka,  depending  on  sample  charac- 
teristics, and  by  the  restricted  distribution  of  datable  carbon  associ- 
ated with  lava  flows.  Woody  residues  are  confined  to  zones  near  the 
margins  of  lava  flows  that  have  invaded  vegetated  areas,  so  the 
method  cannot  be  used  for  flows  above  the  tree  line  or  in  other  barren 
areas  nor  for  portions  of  lava  flows  that  do  not  lie  near  a margin. 

Many  lavas  of  Hawaii  are  too  old  for  radiocarbon  dating  and 
too  young  for  K-Ar  age  determination.  A technique  that  may 
provide  ages  within  this  gap  is  thermoluminescence  (TL)  This 
technique  relies  on  an  incompletely  understood  phenomenon  in  which 
light  is  emitted  by  certain  minerals  as  they  are  heated  toward  the 
point  of  incandescence  (Berry,  1973;  May.  1979)  Berry  (1973) 
conducted  operimenls  testing  the  feasibility  of  1 L as  a dating 
technique  for  Hawaiian  rocks  and  concluded  that  the  method  holds 
promise.  Subsequently  more  elaborate  experiments  yielded  reason- 
ably consistent  results  for  feldspar  from  rocks  of  the  alkalic  suite  for 
ages  from  about  250  to  2.5  ka  (May,  1979,  p.  40)  Results  for 
feldspar-poor  tholeiitic  rocks  were  not  as  consistent,  but  May 
( 1979,  p.  41 ) expressed  the  belief  that  a dating  technique  using  TL 
could  ultimately  be  developed  for  tholeiites  through  a range  from 
about  100  to  10  ka. 

Another  method  of  dating  uses  the  secular  variation  of  the 
earth’s  magnetic  field.  As  iron-titanium  oxides  in  newly  erupted  lava 
cool  through  the  Curie  temperature,  they  assume  and  preserve  the 
direction  of  magnetism  of  the  earth's  field  at  that  time  and  place. 
Geomagnetic  studies  take  advantage  of  this  characteristic  to  con- 
l struct  a history  of  the  changes  in  orientation  of  the  magnetic  held, 
using  rocks  that  can  be  dated  independently.  By  matching  the 
magnetic  direction  of  a rock  of  unknown  age  to  the  local  geomagnetic 
history,  the  possible  age(s)  of  the  unknown  rock  can  be  determined. 
Working  with  lavas  already  dated  by  tbe  radiocarbon  method, 
Holcomb  (1980)  derived  the  history  of  the  secular  variation  of  the 
magnetic  field  in  Hawaii  for  the  past  2,500  yr  and  in  turn  has 
applied  it  to  obtain  ages  for  most  of  tbe  surface  flows  of  Kilauea 
Volcano.  Although  this  method  ultimately  depends  on  radiocarbon 
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ages,  samples  for  study  are  r»ot  restricted  to  the  vegetated  zones 
where  datable  carbon  may  occur.  The  dates  obtained  through  this 
approach  enabled  Holcomb  (chapter  12,  1980)  to  determine  that 
90  percent  of  the  surface  rocks  of  Kilauea  are  younger  than  1.1  ka. 

The  increasing  degree  of  weathering  with  increasing  age  has 
long  been  used  to  estimate  visually  the  relative  ages  of  lava  Bows.  To 
see  if  weathering  could  be  used  to  derive  numerical  ages,  Halbig  and 
others  (1979)  correlated  the  thickness  of  alteration  rinds  on  basaltic 
glass  with  radiocarbon  ages  of  the  same  lavas.  They  found  that  the 
nnd  thickens  at  an  average  rate  of  about  1 .05  mm/ 1 00  yr  during  the 
first  1,000  years;  thereafter  rates  become  unreliable  because  of 
mechanical  attrition  and  spalling.  They  recognized  the  potential 
effects  of  variations  in  climate  and  glass  composition  but  did  not 
study  those  effects.  This  technique,  even  with  its  probable  limita- 
tions, has  the  advantages  of  being  quicker,  simpler,  and  less 
expensive  than  radiometric  and  paleomagnetic  age  determination, 
and  it  may  prove  useful  for  qualitative  and  semiquantitative  estimates 
of  age. 

CALDERAS  AS  RELATED  TO  VOLCANO  DEVELOPMENT 

Dutton  (1884,  p.  142-143)  suggested  that  caldera  formation 
was  a recurring  process  during  the  growth  of  Hawaiian  volcanoes, 
but  the  proposal  by  Steams  (1940,  1946)  that  a single  caldera 
forms  at  the  end  of  shield  growth  was  tacitly  accepted  by  most 
workers  until  recently  (Holcomb,  chapter  12,  1976,  1980)  Mac- 
donald (1965)  reviewed  possible  mechanisms  for  the  formation  of 
Hawaiian  calderas  and  concluded  that  most  commonly  piecemeal 
collapse  occurs  above  a shallow  magma  reservoir  when  magma  is 
withdrawn  by  either  voluminous  eruption  or  intrusion  along  a rift 
zone.  Macdonald  further  reasoned,  in  accord  with  the  ideas  of 
Stearns,  that  a volcano  must  achieve  a state  of  maturity  for  a magma 
reservoir  to  have  grown  to  a sufficiently  large  size  for  magma 
withdrawal  to  be  able  to  trigger  collapse.  Calderas  exposed  by 
erosion  at  older  volcanoes,  such  as  Kohala  on  Hawaii  as  well  as 
some  on  other  islands,  formed  originally  within  tholeiitic  lavas  but 
were  later  filled  by  transitional  or  alkalic  lavas.  Although  such 
evidence  is  permissive  only,  it  supports  the  idea  that  calderas  form  at 
the  conclusion  of  tholeiitic  shield  building  (Steams,  1940,  1946, 
1966;  Macdonald,  1965) 

Macdonald  (1965)  considered  many  hypotheses  before  select- 
ing a preferred  mechanism  for  caldera  formation,  but  he  did  not 
explicitly  consider  the  possibility  that  such  formation  might  occur 
more  than  once.  Powers  (1948)  had  suggested  the  existence  of  an 
earlier  caldera  at  Kilauea  on  the  basis  of  discrepant  elevations  of 
young  ash  beds  and  partially  obscured  surface  structures.  Using 
additional  evidence,  Holcomb  (chapter  12,  1976,  1980,  p.  194) 
concluded  that  the  present  caldera  of  Kilauea  is  nested  within  a 
prehistoric  caldera  that  had  been  filled  and  nearly  buried.  I le  also 
noted  evidence  for  an  earlier  caldera  at  the  summit  of  Mauna  Loa 
(Holcomb,  1976)  If  his  conclusions  are  correct,  the  presence  of  a 
caldera  is  neither  a sufficient  nor  necessary  condition  to  infer  a 
specific  stage  in  the  life  cycle  of  a volcano,  and  the  possibility  exists, 
within  any  Hawaiian  volcano,  that  a succession  of  calderas  may  lie 
buned. 


This  viewpoint  is  supported  by  results  from  Loihi,  where  a 
bathymetric  survey  revealed  a summit  depression  approximately  70 
m deep,  and  measuring  about  2.8  km  by  3.7  km,  which  includes 
two  pit  craters  of  about  0.8  and  1 .2  km  in  diameter,  each  of  which  is 
more  than  250  m deep  (Malahoff.  chapter  6;  Malahoff  and  others, 
1982;  summarized  by  Macdonald  and  others,  1983,  p.  1 17-1 18) 
If  Loihi  is  accepted  as  a volcano  in  an  early  stage  of  its  evolution  (see 
section  “Hrtrologic  Investigations’*)  it  provides  an  additional  exam- 
ple of  caldera  formation  at  a stage  other  than  near  the  end  of  the 
mam  growth  of  a Hawaiian  volcano. 

This  change  in  thinking  is  reflected  by  Macdonald  and  others 
(1983,  p.  146-149)  who  no  longer  specify  the  development  of  a 
caldera  as  an  individual  stage  in  the  development  of  a volcano,  but 
rather  include  it  simply  as  an  event  that  may  happen  during  the 
shield-building  stage.  We  concur  with  this  usage  and  further  advo- 
cate avoiding  the  characterization  of  the  transition  from  tholeiitic  to 
alkalic  magmatism  by  the  use  of  terms  such  as  “caldera-filling”  and 
“post -caldera.”  These  shifts  in  viewpoints  are  incorporated  in  our 
proposed  modifications  to  the  scheme  of  growth  stages  for  Hawaiian 
volcanoes,  outlined  in  a subsequent  section. 

STRUCTURAL  DEVELOPMENT  OF  HAWAIIAN  VOLCANOES 

The  shield  volcanoes  of  Hawaii  have  broad  bases  in  relation  to 
their  height  and  subaerial  slopes  in  the  tholeiitic  stage,  unmodified  by 
faulting  or  erosion,  generally  of  3°-l0°  and  averaging  about  6°. 
Volcanoes  with  a steeper  sided  alkalic  cap  have  summit  slopes  that 
locally  approach  20°  and  average  about  1 2°.  The  subaenal  part  of 
each  volcano  is  built  of  tens  or  hundreds  of  thousands  of  discrete, 
overlapping  lava  flows  of  pahochoe  and  aa  that  radiate  outward  from 
a central  summit  vent  area  and  from  two  or  more  linear  rift  zones. 
Beds  of  tephra  may  be  interlayered  sporadically  with  the  tholeiitic 
lava,  and  the  proportion  of  tephra  to  lava  increases  during  the 
growth  of  the  alkalic  cap. 

Some  descriptions  state  that  lava  flows  have  the  form  of  sheets 
(see  Steams,  1946,  p.  17;  Steams  and  Macdonald,  1946,  p.  24) 
an  impression  easy  to  derive  because  their  thickness  is  small  com- 
pared to  their  lateral  dimensions.  However,  the  geologic  map  (fig. 
7.3;  Steams  and  Macdonald,  1946,  plate  I)  shows  that  for  most 
flows  the  ratio  of  length  to  width  is  large,  and  it  seems  preferable  to 
visualize  flows  as  elongated  tongues  or  lobes  (Peterson,  1971,  p. 
163-164)  This  visualization  helps  emphasize  the  across -flow  dis- 
continuity of  Hawaiian  flows,  which  is  one  of  the  major  problems  in 
efforts  to  establish  consistent  stratigraphic  correlations.  Adjacent 
volcanoes  generally  grow  contemporaneously,  and  their  flows  are 
commonly  inlerdigitated. 

Slopes  on  the  submarine  part  of  the  volcano  are  steeper  than  on 
the  subaerial  part;  they  are  commonly  10°  -20  (fig.  7.6)  Sub- 
marine flows  are  dominantly  of  pillow  lava  and  are  assumed  also  to 
be  tongue-shaped,  like  subaerial  flows.  Superimposed  upon  and 
incorporated  within  this  primary  edifice  of  overlapping  lava  flows 
and  sporadic  tephra  layers  are  a number  of  structures  that  develop 
throughout  the  growth  of  the  shield,  including  rift  zones,  faults, 
landslides,  calderas,  craters,  and  tephra  and  spatter  cone*. 
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Rift  zones  have  long  been  recognized  as  integral  structural 
elements  of  Hawaiian  volcanoes  (Dana,  1849;  Dutton,  1 884).  The 
summit  areas  and  rift  zones  include  almost  all  vents  through  which 
lava  is  erupted,  and  the  surfaces  of  the  rift  zones  of  Kilauea  and 
Mauna  Loa  are  marked  by  spatter  cones,  spatter  ramparts,  pit 
craters,  grabens,  faults,  cracks,  and  fissures,  which  constitute  a 
record  of  repeated  active  vokanism  and  related  ground  dislocations. 
Where  the  subsurface  portions  of  rift  zones  have  been  exposed  by 
erosion  on  the  older  islands,  they  are  marked  by  abundant  closely 
spaced  subparallel  dikes,  which  demonstrate  that  rift  zones  tend  to 
maintain  consistent  orientation  and  position  throughout  the  growth  of 
a shield. 

FisJce  and  Jackson  (1972)  proposed  that  the  orientations  of  rift 
zones  on  volcanoes  that  grew  from  the  ocean  floor,  distant  from  other 
volcanoes,  is  determined  by  regional  stress  patterns;  at  volcanoes 
that  grew  on  the  flank  of  an  already  existing  edifice,  the  orientation  of 
the  rift  zones  is  determined  by  the  gravitational  stress  field  influenced 
by  the  buttressing  effect  of  the  older  volcano.  Their  hypothesis  is 
supported  by  results  of  experiments  with  gelatin  models  and  is 
basically  consistent  with  the  progression  of  development  of  the 
volcanoes  on  all  the  islands  from  Kauai  to  Hawaii  (see,  for  example, 
Moore,  chapter  2,  fig.  2.6).  Their  analysis  yields  the  following 
sequence  of  origin  for  the  volcanoes  of  Hawaii:  Kohala,  Hualalai, 
Mauna  Kea,  Mauna  Loa,  and  Kilauea  (fig.  7.  7X  This  sequence  of 
origin  is  not  necessarily  the  same  as  either  the  order  of  petrogenetic 
development  or  the  tune  progression  of  known  eruptions;  for  exam- 
ple, hawaiite  on  Mauna  Kea  is  more  differentiated  than  alkalic 
basah  on  Hualalai,  and  historical  activity  has  occurred  at  Hualalai 
but  not  at  Mauna  Kea.  These  relations  suggest  that  Mauna  Kea  has 
passed  through  the  petrogenetic  development  sequence  more  rapidly 
than  Hualalai. 

The  model  of  Fiske  and  Jackson  (1972)  provides  a generally 
consistent  explanation  for  the  orientations  of  rift  zones  and  for  many 
aspects  of  the  behavior  of  the  different  volcanoes.  As  adjacent 
volcanoes  commonly  grow  contemporaneously,  however,  fluctuations 
of  eruption  rates  and  shifts  of  vent  sites  from  summit  to  rift  zone  in 
one  volcano  may  cause  changes  in  slope  direction  or  in  the  influence 
of  buttressing,  thereby  affecting  the  prevailing  stress  fields  of  an 
adjacent  volcano  and  influencing  the  development  of  its  rift  zones. 
Stearns  and  Clark  (1930)  noted,  for  example,  that  the  growth  of 
Kilauea  against  the  southeast  flank  of  Mauna  Loa  caused  a change 
in  the  pattern  of  behavior  of  the  nearby  fault  systems  of  Mauna  lz>a. 
Lipman  (I960)  concluded  that  the  growth  of  Kilauea  has,  in  effect, 
squeezed  the  northeast  nft  zone  of  Mauna  Loa  and  effectively  sealed 
off  its  lower,  easternmost  extension  and  that  it  has  caused  the 


FIGURE  7.7. — Growth  erf  Island  of  Hawaii  at  proposed  by  Fiske  and  Jackson  1 
(1972.  fi«  II.  p.  31 5>  Reproduced  by  permission.  A.  Early  formed  Kohala 
Hualalai  edifice,  X marks  site  of  future  Mauna  Kea.  B,  I-alrr  stage:  Y marks  site 
of  future  Mauna  Loa  C.  Still  later  stage,  z mark*  Site  of  future  Kilauea  D, 
Present  configuration.  Each  sketch  shows  orientations  of  rift  /.ones,  which 
developed  in  accord  with  prevailing  regional  or  gravitational  stress  patterns 
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southwest  rift  zone  of  Mauna  Loa  to  migrate  gradually  westward. 
Such  changes  support  the  basic  concept  of  Fiske  and  Jackson  (1972) 
that  rift  zones  develop  in  accord  with  the  prevailing  stress  held, 
although  they  require  modification  of  the  idea  that  the  rift  zones 
remain  fated  in  position  and  orientation. 

Pertinent  to  these  issues  is  the  onentation  of  the  rift  zones  of 
Loihi  Volcano.  The  bathymetric  contours  along  the  south  flank  of 
the  island  are  oriented  about  N.  60°  E.  (fig.  7.8A);  according  to 
the  concept  of  Fiske  and  Jackson  (1972),  the  rift  zones  of  Loihi 
should  lie  approximately  parallel  to  this  direction.  Instead,  the 
orientation  of  the  elongate  ridges  inferred  to  mark  the  rift  zones  is 
mostly  about  N.  30°  W. . varying  locally  to  due  north  and  N.  10° 
E.  (fig.  7.8 B);  it  thus  is  chiefly  almost  at  right  angles  to  the  expected 
orientation  (Malahoff,  chapter  6;  Malahoff  and  others,  1982; 
Moore  and  others,  1982).  Too  little  is  known  about  the  details  of  the 
structure  and  morphology  of  Loihi  to  fully  evaluate  this  apparent 
discrepancy,  but  it  may  be  noted  that  the  rift  zones  of  Loihi  are 
approximately  parallel  to  the  line  of  the  major  loci  of  volcanoes  to  the 
northwest  (fig.  7.8A;  Malahoff,  chapter  6).  The  central  vent  of 
Loihi  lies  approximately  along  the  projection  of  the  4,000-m  depth 
contour,  approximately  1 ,000  m above  the  level  of  the  regional  ocean 
floor  (fig.  7.8A)  It  may  be  that  during  the  early  growth  of  Loihi, 
the  influence  of  the  regional  stress  pattern  predominated  over  that  of 
the  gravitational  stress  held  on  the  Banks  of  the  older  volcanoes,  or 
perhaps  Loihi  began  before  the  submarine  slopes  of  Kilauea  and 
Mauna  Loa  had  advanced  to  the  Loihi  site.  As  Loihi  grows,  it  will 
offer  a variety  of  tests  for  the  Fiske-Jackson  (1972)  hypothesis  and 


will  be  a fascinating  subject  for  study  by  future  general  ions  of 
scientists. 

The  gravitational  stress  field  on  volcano  flanks  influences  the 
structure  in  still  another  important  way.  Landslides  have  long  been 
recognized  as  a hazard  in  Hawaii,  occurring  chiefly  on  steep  slopes 
such  as  seadiffs  and  stream-cut  valley  walls;  they  are  commonly 
induced  by  saturation  of  the  ground  by  Heavy  rains,  by  shaking  from 
earthquakes,  or  especially  by  the  two  in  combination.  In  contrast  to 
these  relatively  small,  frequent  landslides,  Moore  (1964)  advocated 
large-scale  landsliding  as  the  origin  for  extensive  areas  of  irregular 
submarine  topography  offshore  from  several  islands,  including 
Hawaii.  Masses  covering  several  thousand  square  kilometers  north 
of  Molokai  and  north  of  Oahu  arc  inferred  to  be  two  immense 
landslides  that  moved  more  than  1 00  km  along  slide  planes  with  an 
average  slope  of  about  2°.  As  more  detailed  bathymetry  has  become 
available  for  offshore  areas  around  Hawaii,  it  has  been  recognized 
that  landslides  are  common  on  the  submarine  flanks  of  volcanoes. 
Some  large-scale  slumping  events  may  be  related  to  step-faulting  on 
the  subaeria!  seaward  flanks  of  volcanoes,  such  as  in  the  Hilina  fault 
system  on  the  south  flank  of  Kilauea  (Moore  and  Fiske,  1969,  p. 

1 199-1200)  Certain  bathymetric  details  of  Loihi  are  also  inferred 
to  be  the  result  of  submarine  landslides  (Malahoff,  chapter  6) 

Moore  and  Krivoy  (1964)  proposed  that  gravity- induced 
seaward  movement  of  the  south  flank  of  Kilauea  caused  dilation  of  its 
east  rift  zone,  leading  to  permissive  emplacement  of  dikes  by  magma 
from  the  summit  reservoir.  This  idea  was  tested  when  detailed 
analyses  of  the  displacements  of  points  on  the  east  rift  zone,  the 


FIGURE  7 8.  — 1 .mhi  Seamount  A.  Position  alone  regional  curved  locus  attending  through  western  line  of  volcanoes  from  Oahu  to  I (await,  including  I lualalai  and  Mauna 
Lna  Volcanoes  (after  Moore  and  others,  19821  Bathymetric  contours  m mrtm  B.  Bathymetric  map  (after  Malahoff  and  others,  19821  Elongate  ridge*  attending 
south  southeast  and  north  from  summit  are  major  nfl  rones  of  volcano.  They  Isr  subpax allel  to  volcano  locus  shown  in  A instead  of  parallel  to  submarine  ton  touts  of  island 
platform.  Depth  contours  m fathoms  (I  fathom  - 1.83  ml 
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Koae  and  Hilina  fault  systems,  and  other  parts  of  the  sooth  flank 
were  made  by  Dufheld  (1975)  and  Swanson  and  others  (1976a). 
They  examined  the  amount,  direction,  and  time  of  displacement  as 
related  to  the  time  and  place  of  eruptions  and  concluded  that 
displacements  on  the  rift  zone  and  south  flank  were  caused  by 
forcible  injection  of  magma  into  the  rift  zone,  rather  than  the  rift  zone 
being  dilated  as  a result  of  faulting  and  sliding  of  the  south  flank  and 
permissivdy  allowing  magma  to  enter.  Nevertheless,  gravity  plays  an 
important  role,  because  displacements  are  toward  the  sea  in  the 
unbuttressed  direction.  Hence  these  hndings  are  compatible  with 
those  of  Fiske  and  Jackson  (1972)  concerning  the  role  of  gravity  in 
the  development  of  the  east  rift  zone. 

The  A/=  7.2  earthquake  at  Kilauea  on  November  29,  1975, 
was  probably  related  to  strains  accumulated  throughout  the  south 
flank  from  intrusion  of  dikes  into  the  rift  zone  (Swanson  and  others, 
1976a;  Tilling  and  others,  1976)  However,  the  earthquake  itself 
has  been  determined  to  be  the  result  of  abrupt  southward  movement 
of  the  south  flank  edihce  across  the  underlying  oceanic  crust  (Ando, 
1979;  Furumoto  and  Kovach,  1979;  Crosson  and  Endo,  1981, 
1982)  This  movement  induced  extensive  displacements  throughout 
the  Hilina  and  other  fault  systems  (Tilling  and  others,  1976) 

Marine  terraces  positioned  both  above  and  below  sea  level 
(Stearns  and  Macdonald,  1 946)  have  long  suggested  that  the  level  of 
the  sea  fluctuated  over  extended  periods  of  time;  they  have  been 
interpreted  both  as  eustalic  and  as  related  to  local  crustal  move- 
ments. Submergence  of  cultural  artifacts  of  the  early  Hawaiian 
people  indicates  that  Hawaii  is  currently  subsiding  (Apple  and 
Macdonald,  1966)  This  inference  was  supported  by  a study  of 
tide-gage  records,  which  yielded  a rate  of  subsidence  at  the  Hilo  tide 
gage  of  about  4. 1 mm/yr,  implying  an  annual  volume  rate  of 
subsidence  of  the  east  end  of  the  Hawaiian  Ridge  of  about  0.27 
kmVyr  (Moore,  1970)  The  rale  of  subsidence  at  Hilo  has  subse- 
quently been  redetermined  to  be  2.4  mm/yr,  giving  a recalculated 
volume  rate  of  subsidence  of  0.075-0.1  km3/yr  (Moore,  chapter 
2)  The  sinking  of  Hawaii  is  interpreted  to  be  the  result  of  crustal 
loading  by  the  erupted  products.  The  new  volume  rate  of  subsidence 
agrees  closely  with  the  hgurc  of  0. 1 1 kmVyr,  which  recently  has 
been  the  average  annual  volume  of  lava  erupted  by  Kilauea  (Swan- 
son. 1972) 

Marine  deposits  now  above  sea  level  are  difficult  to  explain  if 
progressive  subsidence  is  the  result  of  eruption  and  crustal  loading. 
However,  recent  reinterpretation  of  such  deposits  as  resulting  from  a 
giant  ocean  wave  permits  the  interpretation  that  Hawaii,  instead  of 
alternately  rising  and  sinking,  has  indeed  been  sinking  persistently  in 
response  to  long-sustained  crustal  loading  (Moore  and  Moore, 

198-4) 

Moore  (chapter  2)  demonstrates  that  the  constructional  vol- 
canic edifices,  instead  of  merely  rest  mg  on  the  deep  ocean  floor  at  a 
depth  of  5-6  km  as  previously  believed,  have  bowed  the  crust 
downward  during  and  after  their  growth,  that  most  of  their  bases 
have  subsided  about  8-10  km,  and  that  since  reaching  the  sea 
surface  the  volcanoes  have  subsided  2-5  km.  Hence  a substantial 
part  of  their  mass  that  is  now  below  sea  level  was  erupted  sub- 
aenally. 


HISTORICAL  ACTIVITY 

Among  Hawaii's  volcanoes,  only  Kilauea  and  Maun  a Loa 
have  erupted  since  the  tune  of  the  missionaries,  but  they  have  m that 
interval  been  among  the  worlds  most  active  volcanoes.  A summary 
of  their  activity  is  provided  in  tables  7.3  and  7.4. 

When  first  known  to  the  outside  world,  Kilauea  became 
famous  for  its  long- lasting  lava  lake  in  the  crater  and  vent  complex  of 
Halemaumau  inside  the  summit  caldera.  Lava  in  the  lake  circulated, 
fount ained.  and  alternately  rose  and  fdl  within  Halemaumau  Crater. 
The  lake  episodically  overflowed  onto  the  caldera  floor  and,  during 
its  101 -year  life  span,  added  about  2 km3  of  lava  to  the  caldera, 
raising  the  floor  several  hundred  meters.  This  lava  constructed  a 
gently  sloping  shield  volcano  inside  the  caldera,  with  the  summit  at 
Halemaumau.  A few  eruptions  also  occurred  during  this  time  along 
the  east  and  southwest  rift  zones  of  Kilauea,  but  most  activity  was 
concentrated  in  the  summit  caldera.  The  lava-lake  activity  ended  in 
1924  with  subsidence  and  explosive  eruptions  at  Halemaumau, 
which  left  the  pit  crater  more  than  400  m deep. 

During  the  next  few  years,  bnef  episodic  eruptions  occurred  at 
Halemaumau  and  partly  filled  the  pit  crater  formed  in  1924,  but  a 
period  of  repose  followed  from  the  mid- 1930s  to  1952.  Since  then. 
Kilauea  has  had  more  than  two  dozen  eruptions  within  the  caldera 
and  nearby  summit  area  as  well  as  along  both  rift  zones,  extruded 
more  than  1.3  km3  of  lava,  and  exhibited  a very  wide  variety  of 
behavior  (see  references  in  table  7.3)  Most  eruptions  since  the 
1960s  have  occurred  along  the  east  nft  zone.  Individual  eruptions 
have  lasted  from  less  than  a day  to  more  than  two  years.  Episodic 
activity  at  Puu  Oo,  in  the  central  east  rift  zone,  began  in  January 
1983  and  continues  as  of  early  1 986  (Wolfe  and  others,  chapter  1 7) 

Mauna  Loa  erupted  35  times  between  1832  and  1950  (table 
7.4)  an  average  of  one  eruption  every  3.4  years.  Eruptions  showed 
a tendency  to  alternate  between  the  summit  area  and  either  the 
northeast  or  southwest  rift  zone.  Intervals  between  eruptions  ranged 
from  as  brief  as  4 months  to  as  long  as  1 1 years,  and  eruptions  lasted 
from  less  than  a day  to  547  days.  The  native  Hawaiians  had  no 
traditions  or  stories  about  Mauna  Loa  eruptions,  so  the  length  of  the 
period  of  quiescence  preceding  1832  is  not  known.  Because  the 
summit  and  upper  nft  zones  are  remote  from  Hawaiian  villages, 
small  eruptions  may  have  gone  unobserved;  alternatively,  a pro- 
longed period  of  actual  quiet  may  have  prevailed.  The  latter  seems 
much  more  likely,  as  eruptions  of  the  type  occurring  in  the  nineteenth 
and  twentieth  centuries  would  have  been  obvious  to  the  Hawaiians 
and  would  have  influenced  their  activities.  Following  the  eruption  of 
1950,  the  volcano  did  not  erupt  again  until  1975,  when  a one-day- 
long eruption  ended  the  longest  period  of  quiet  in  historical  time 
(Lockwood  and  others,  chapter  19.  1976)  Tie  most  recent  activity 
occurred  in  1984,  when  a 22  day  long  eruption  sent  lava  flows  to 
within  18  km  of  the  waterfront  at  Hilo  and  6 km  of  the  outskirts  of 
the  city  ((.ockwood  and  others,  chapter  19,  1985) 

Hie  frequent  activity  of  both  these  volcanoes  suggests  that 
similar  patterns  of  behavior  are  likely  to  continue  during  the  near 
future.  Holcomb  (chapter  12.  1980)  however,  has  analyzed  the 
long  range  shifts  in  type  and  location  of  activity  of  Kilauea  and  has 
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developed  a model  indicating  major  shifts  from  summit  growth  and 
caldera  filling  to  rift-zone  growth  and  summit  collapse.  Equivalent 
patterns  of  shifting  behavior  at  Mauna  Loa  are  being  reconstructed 
by  Lockwood  and  Upman  (chapter  18). 

REVISED  SCHEME  OF  EVOLUTIONARY  STAGES  FOR 
HAWAIIAN  VOLCANOES 

The  evolutionary  stages  defined  by  Steams  ( 1 946)  have  served 
as  a basic  framework  for  Hawaiian  geologic  history  for  about  four 
decades.  Macdonald  and  Abbott  (1970,  p.  1 38)  modified  the  stage 
boundaries  to  reflect  improved  knowledge  of  submarine  processes 
and  subdivided  the  first  stage  of  Stearns  into  deep  and  shallow 
submarine  stages.  Later,  Macdonald  and  others  (1983,  p. 
147-149)  recognized  that  calderas  are  not  necessarily  unique  to  a 
specific  stage  in  the  growth  of  the  volcano,  and  their  updated 
classification  omitted  the  caldera  stage. 

Other  investigators  have  emphasized  four  stages  that  are  of 
significance  in  the  petrologic  evolution  of  Hawaiian  volcanoes, 
roughly  patterned  after  the  initial  definitions  by  Steams  (1940). 
Although  the  various  workers  have  been  consistent  in  designating 
four  stages,  they  have  selected  different  ways  of  defining  their 
progression.  Steams  (1940)  initially  defined  them  as  (I)  youthful, 
shield -building  (chiefly  olivine- bearing  basah);  (2)  mature,  caldera 
formation  (also  olivine- bearing  basalt);  (3)  old  age,  caldera  filling 
(differentiated  rocks);  and  (4)  rejuvenated  or  post  erosion  (highly 
differentiated  rocks);  Steams  later  (1946,  1966)  added  non-eruptive 
developmental  stages.  Tilley  (1950)  reiterated  the  same  four  stages 
of  Hawaiian  volcanism.  Leernan  and  others  (I960)  redefined  them 
as  (1)  shield -building  stage  (tholeiilic  lava);  (2)  caldera-filling  stage 
(tholeiitic,  transitional,  and  mildly  alkalic  lava);  (3)  postcaldera 
stage  (including  alkali  olivine  basalt  and  related  differentiates);  and 
(4)  poster  os  local  stage  (including  basanitic  and  nephelinitic  lavas). 
The  chief  difference  in  their  scheme  is  that  the  formation  of  calderas 
has  been  included  with  shield  building,  and  a caldera-filling  stage 
has  been  substituted  for  the  second  stage  and  serves  as  the  transition 
from  tholeiitic  to  alkalic  basalt.  A different  variant  is  offered  by 
Clague  and  Dalrymple  (chapter  I,  part  I,  table  1.1).  Their  four 
stages  are  (I)  preshield  stage  (including  basanite,  alkalic  and 
transitional  basah);  (2)  shield  stage  (tholeiitic  basah  and  picritic 
tholeiitic  basah);  (3)  postshield  alkalic  stage  (alkalic  lavas  of 
assorted  composition);  and  (4)  rejuvenated  stage  (alkalic  lava  and 
highly  differentiated  types  such  as  basanite  and  nephelinite)  Their 
stage  (1)  reflects  the  new  findings  at  Loihi,  and  their  stage  (3)  is 
equivalent  to  the  latter  part  of  stage  (2)  and  all  of  stage  (3)  of 
Leernan  and  others  (1980)  The  scheme  of  evolution  to  be  offered 
here  utilizes  the  four  stages  as  defined  by  Clague  and  Dalrymple 
(chapter  I , part  I)  although  the  terms  used  for  some  of  the  stages  are 
different,  and  additional  stages  are  defined. 

Earlier  discussion  (see  section  “Calderas  as  Related  to  Vol- 
cano Development’*)  established  our  view  that  it  is  not  appropriate  to 
retain  a separate  stage  of  caldera  formation.  By  the  same  arguments 
it  is  also  inappropriate  to  designate  another  stage  as  postcaldera. 
For  example,  if  either  Kilauea  or  Loihi  caldera  is  filled  by  new  lava 


in  the  future,  as  seems  quite  likely,  the  subsequent  activity  in  reality 
would  be  postcaldera,  but  the  composition  will  most  likely  still  be 
tholeiitic.  This  lava  would  certainly  not  meet  the  essential  evolution- 
ary criteria  required  of  the  so-called  postcaldera  stage,  which  some 
of  the  above  authors  have  specified  as  reflecting  the  differentiation  to 
alkalic  magma.  It  is  also  possible  for  the  magma  of  a volcano  to 
undergo  differentiation  to  the  alkalic  suite  without  the  volcano  having 
had  a caldera  (for  example,  no  evidence  has  yet  been  found  for  a 
caldera  at  Hualalai,  though  it  is  possible  that  unknown  filled 
calderas  lie  within  the  edifice)  In  view  of  these  several  considera- 
tions, we  feel  the  name  “postcaldera  stage"  is  a misnomer  and  its  use 
should  be  avoided. 

Our  intention  is  to  propose  a scheme  of  evolution  with  the  same 
purpose  as  that  by  Steams  (1946)  and  subsequently  modified  by 
Macdonald  and  Abbott  (1970)  and  Macdonald  and  others 
(1983) — to  outline  in  simple  form  the  major  steps  in  development  of 
a typical  Hawaiian  volcano.  Such  schemes  are  of  necessity  over- 
simplified because  of  the  variations  and  exceptions  followed  by 
individual  volcanoes,  yet  they  are  useful  as  a framework  or  standard 
of  comparison,  and  most  importantly  they  can  serve  as  a spur  in  the 
search  for  improved  understanding.  The  stages  here  include  not  only 
the  growth  of  the  volcano  as  reflected  by  petrogenetic  developments 
reviewed  just  above,  but  they  also  include  other  significant  geologic 
processes  and  environmental  conditions.  Some  of  the  terms  used  by 
preceding  authors  have  been  retained,  but  others  have  been  revised, 
either  because  of  redefinition  of  a stage  reflecting  a modified  current 
concept  or  simply  because  another  term  seemed  more  appropriate. 
The  terms  adopted  avoid  rock  names  because  we  find  it  difficult  to 
apply  a petrologic  term  without  introducing  some  ambiguity.  Fur- 
thermore, all  reference  to  a caldera  in  the  terms  and  in  the  definitions 
of  stages  has  been  removed  because  we  hold  the  opinion  that  calderas 
may  repeatedly  form  and  be  refilled  at  various  times  during  the  rapid 
growth  of  a shield;  thus  their  development  and  filling  is  not  sufficient 
to  define  a distinct  stage.  The  terms  here  also  avoid  the  prefixes  pre- 
and  post-,  as  associated  with  a process  or  a feature,  because  their 
use  implies,  sometimes  erroneously,  that  this  process  or  feature  does 
not  operate,  or  exist  at  all  during  the  designated  stage.  We  wish  to 
emphasize  that  the  successive  stages  may  overlap  and  intergrade, 
and  the  processes  characteristic  of  two  or  more  stages  may  be 
operating  at  different  places  on  a volcano  at  the  same  time. 
Furthermore,  volcanoes  do  not  necessarily  pass  through  every  stage, 
nor  do  different  volcanoes  necessarily  progress  through  stages  at 
similar  or  consistent  rates. 

In  spite  of  the  advances  since  1946,  such  as  new  geophysical 
and  geochemical  tools,  improved  investigative  techniques,  and  exten- 
sive offshore  submarine  exploration,  our  concepts  of  volcano 
development  are  still  based  on  facts  derived  from  only  a thin  outer 
shell  of  the  Hawaiian  volcanoes.  Petrological  theories  have  made 
exciting  and  possibly  valid  inferences  about  the  petrogencsis  of 
magma  and  the  growth  of  the  volcanoes,  but  until  these  ideas  can  be 
tested  by  actually  probing  the  deep  interior  and  the  base  of  several 
volcanoes,  the  concepts  must  remain  speculative.  So  although  the 
scheme  proposed  here  represents  an  effort  to  reflect  currently 
prevailing  ideas  as  unabiguously  as  possible,  it  still  suffers  from  some 
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Table  7.3.  — Hutarical  erupt iom  of  KiltMica  through  May  1985 

[Dailies  ( \ mo  data.  query  <>A  qwestaoMbir  dauj 


Due 

eniotjaa  began 
Mooih  and  day 

bumiua 

Year 

(days; 

Location  of  major  vcati.il 

I754K?) 

East  rift 

1/90(1*1 

.-do 

1790 

November  (?) 

— 

Caldera  explosive) 

1823 

Southwest  rift 

1823 

101  yr 

; intermittent ) 

Caldera,  HaJcnuumau 

1832 

January  14 

•mm 

East  rim  a!  caldera 

1840 

May  30 

26 

East  rift 

1868 

April  2 

— 

Kilauea  Iki 

1868 

April  2 

— 

Southwest  rift 

1877 

May  4 

1 

Caldera  wall 

1877 

May  21  (?) 

— 

Keanakakni 

1884 

January  22 

1 

-N 

East  rift  (submarine) 

1879 

July  14 

i<» 

1882 

September 

3 yr 

Distinct  episodes  of  Halcmaunuu 

1888 

1892 

July 

April 

310 

730 

(intermittent  > 
14 
294 

overflows  and  (or)  caldera  fissure 

t outbreaks.  These  arc  pan  of  the  1823 
101-year-long  summit  eruption.  Earlier 

1918 

1919 

February  23 
February  7 

lava  buried;  lava  from  those  episodes 
locally  exposed  in  caldera. 

1921 

January 

60 

1919 

December  15 

(approx)  ^ 

Southwest  rift  iMauna  Iki) 

1922 

Mav  28 

2 

East  rift  (Makaopuhi,  Napau) 

1923 

August  25 

7 

East  rift 

1924 

May  10 

17 

Caldera  (explosive) 

1924 

July  19 

11 

Haiemauroau 

1927 

July  7 

13 

. do  

1929 

February  20 

2 

..do 

1929 

July  25 

4 

. do 

1930 

Nrrvemher  19 

19 

..do  ...  ... 

1931 

December  23 

14 

do  ....  

1934 

September  6 

33 

..do 

1952 

June  27 

136 

.do  

1954 

May  31 

3 

Halemaumau,  caldera 

1955 

February  28 

88 

East  rift 

1959 

November  14 

36 

Kibuea  Iki 

I960 

January  13 
February  24 

36 

East  nft 

1961 

1 

Halenuumau 

1961 

March  3 

22 

..do . 

1961 

July  10 

7 

..do  

1961 

September  22 

3 

East  rift 

1962 

December  7 

2 

..do . 

1963 

August  21 

2 

East  nft  lAJac 

l%3 

October  5 

1 

East  rift 

1965 

March  5 

10 

East  rift  .Makaopuhi,  Napau > 

1965 

I Secern  her  24 

1 

East  nit  ;Alac  and  victim v 

1967 

November  5 

251 

Halenuumau 

1968 

August  22 

5 

Flast  nft 

1968 

October  7 

15 

db  

1969 

February  22 

6 

. . do 

1969 

May  24 

875 

East  nft  ; Mauiu  Ulu ) 

1971 

August  14 

1 

Caldera 

1971 

September  24 

5 

Hakmaumau,  caldera,  southwest  nft 

1972 

February  3 

455 

East  rift  ;Mauna  Ulu) 

1973 

May  5 

1 

East  rift  (Pauaht,  Hiukal 

1973 

May  7 

187 

Easl  rift  : Manna  Ulu) 

1973 

November  10 

30 

East  rift  i Pauahi  and  vicinity  ) 

References 


4.1 

7.9 

(Blocks 
Upilli,  ash) 

10.0 

8.2 


.6 

10.6 

.05 

.8 

1.0 

.8 

.05 

.2 

3.4 
7.8 

.6 

.65 

03 

2.1 

6.0 

50.0 

2.0 

4.0 

35.0 

.14 

.5 

1.5 


14.9 

28.8 


11.5 

2,000.0 


Holcomb,  chapter  12,  1980. 

Holcomb,  chapter  12,  1980. 

Brigham,  1909,  p 36-39;  Hitchcock,  1909, 
n 165-167;  Swanson  and  Chmtians.cn, 
1973;  Decker  and  Christiansen,  1984. 

Hitchcock,  1909.  p 163;  Steams,  1926. 

Ellis.  1827,  p 163-176,  Brigham.  1909. 
p 40-222;  Hitchcock,  IWT 
p 179-182.  186-188,  191-194, 

198-206.  210-260;  Jaggar,  1947, 
p 9-169.  216-314. 

Brigham,  1909,  p 46;  Hitchcock,  1909, 
p 1X2-185. 

Com,  1841;  Brigham,  1909,  p 50-55; 
Hitchcock,  1909,  p 188-190 

Brigham,  1909,  p 106-110;  Hitchcock, 
1909.  p 207. 

Brigham,  1909,  p 109-119;  Hitchcock, 
f&09.  p 207-210;  Coan,  1869 

Brigham,  1909,  p 131-132;  Hitchcock, 
1909.  p 217. 

Brigham,  1909,  p 132;  Hildsock,  1909, 
p 217. 

Stearns  and  Macdonald,  1946,  pill; 
Macdonald  and  Abbott,  1970,  p 75- 

Rngham,  1909,  p 133,  140;  Hitchcock, 
1909,  p 219. 

Brigham,  1909,  p 156-158;  Hitchcock, 
1909,  p 221-226. 

Dana,  1890,  p 123. 

Brigham.  1909,  p 184-191. 


.1 

.2 

jaggar,  1947,  p 112. 

4.1 

26.0 

laggar.  1947,  p 118-125. 

2.0 

6.7 

Jaggar,  1947,  p 149-151 

13.0 

47.0 

Jaggar,  1947,  p 137-146. 

.1 



Jaggar,  1947,  p 155-157. 

.5 

1 

Jaggar,  1947,  p 161. 

(Blocks) 

— 

Jaggar  and  Finch,  1924;  Jaggar,  1947, 

p 162-168,  205-259;  Decker  and 
Christiansen,  1984. 


.05 

.24 

1947,  p 

168-169. 

.1 

2.42 

aggar. 

aggar. 

1947, p 

175-176. 

.15 

1.47 

1947,  p 

180-181. 

-2 

2,75 

»«!«, 

1947,  p 

181-182. 

.23 

6.48 

aggar. 

1947,  p 

185-186. 

.3 

7.37 

aggar, 

1947,  p 

186-189, 

.4 

7.26 

aggar, 

1947,  p.  197 

,6 

49,0 

Macdonald,  1955,  1959. 

1.1 

6.5  Macdonald.  1959;  Macdonald  and  Eaton, 

1957. 

92.0  Macdonald,  1959;  Macdonald  and  Eaton, 

1%4. 

51.0  Richter  and  Eaton,  1960;  Macdonald, 

1962;  Richter  and  other*,  1970. 

120.0  Do. 

02  Richter  and  others,  1964. 

.27  Do. 

13.2  Do 

2.3  Do 

.33  Moore  and  Knvov,  1964. 

04  Peck  and  Kinoihiu,  1976. 

6.9  Moore  and  Kuyanagi,  1969. 

18.0  Wright  and  others.  1968. 

.9  Fiske  and  Knyanagi,  1968. 

84.1  Kmnahita  and  others,  1969. 

04  Jackson  and  others,  1975. 

7.0  Do. 

17.0  Swanson  and  others,  1976b. 

185.0  Swanson  and  others,  1971,  1979;  Peterson 

and  others,  1976,  p 647-648 

10.0  Peterson  and  others,  1976,  p 649-650; 

Dufficld  and  others,  1982. 

8.0  Peterson  ami  others,  1976,  p 650; 

Dufhckl  and  others,  1982. 

125.0  Peterson  and  others,  1976,  p 651-652; 

Tilling  and  others,  chapter  16. 

1.0  Peterson  and  others,  1976,  p 651-652; 

Tilling  and  others,  chapter  16. 

2.5  Peterson  and  others,  1976,  p 652;  Tilling 

and  others,  chapter  16 

3.0  Peterson  and  others,  1976,  p 652-653; 

Tilling  and  others,  chapter  16. 
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■23 

BErll 

Duration 

Appcotimaic  aici 

Pi 

Idaytj 

Location  ot  tnapor  venti.i; 

tkjari 

fen’MO*) 

Reference* 

1973 

December  12 

222 

Hast  rift  (Mauna  Ulu) 

8.0 

30.0 

Peterson  and  others,  1976,  p.  653-654; 

1974 

July  19 

3 

Caldera,  Kcanakakoi,  and  vicinity) 

3.2 

10.0 

Tilling  and  others,  chapter  16. 
Peterson  and  others.  1976,  p.  656; 

1974 

September  19 

1 

Hale-maucruti , caldera 

1.1 

1 1.0 

Do. 

1974 

December  31 

1 

Southwest  rift,  Koae  fault  svstan 

7.5 

15.0 

Do. 

1975 

November  29 

1 

Halcmaumau , caldera 

.25 

1977 

September  12 

20 

Hast  rift 

8.0 

35.0 

1979 

November  16 

1 

East  nft  '.Pauahi  and  vicinity) 

.17 

.7 

1980 

March  II 

1 

Hast  nft  :ncar  Mauna  Ulu) 

.0001 

.000003 

1982 

April  30 

1 

Halemaumau,  caldera 

.25 

.5 

1982 

September  23 

1 

South  outer  caldera 

.75 

4.0 

Banks  and  others,  1983. 

1983 

January  3 

continuing 
(August  1986) 

Haul  rift,  Puu  Oo 

40 

(approx) 

350 

(approx) 

VtVilfe  and  others,  chapter  17. 

of  the  same  basic  limitations  as  did  that  of  Steams  (1946).  New 
facts,  as  they  become  available,  will  inevitably  modify  current 
concepts,  and  we  hope  the  progress  will  be  at  a rate  such  that  this 
new  scheme  will  require  early  revision. 

We  propose  the  following  scheme  of  evolution  for  Hawaiian 
volcanoes  (see  fig.  7.9  and  table  7.5) 

1 . Initial  stage.  Although  little  known,  products  apparently  include 
a variety  of  differentiated,  alkalic-type  lavas.  Calderas  are 
possible. 

2.  Shield -building  stage.  Products  are  tholeiitic  basalt  and  tholeiitic 
pscrite,  and  major  growth  of  the  shield  volcano  occurs.  Eruptions 
are  frequent  and  voluminous.  Three  substages  arc  recognized 
according  to  physical  environment: 

a.  Submarine  substage;  dominantly  pillow  lava  and  derivatives, 
relatively  steep  slopes. 

b.  Sea-level  subslage;  development  of  hyalociastite  rocks  chiefly 
by  explosive  interaction  between  molten  lava  and  seawater 
and  by  wave  abrasion. 

c.  Subaerial  substage;  pahoehoc  and  aa  build  gently  sloping 
shield ■ shaped  edifice;  small  percentage  of  tephra. 

Calderas  and  pit  craters  may  form  and  be  filled  repeatedly 
during  any  of  these  substages. 

3.  Capping  stage.  Magma  becomes  differentiated  to  yield  alkaJic 
basalt  and  other  alkalic  rocks.  Eruptions  become  less  frequent, 
lava  becomes  more  viscous  and  is  interspersed  with  explosive 
products,  and  a steeper  sided  cap  is  built.  Any  ocisting  caldera 
ts  filled.  Eruptions  decline  and  finally  end. 

4.  Erosionai  stage.  Erosion  by  streams  and  waves  carves  valleys, 
canyons,  and  seachffs.  Although  erosion  operates  during  stages 
(2)  and  (3X  affecting  any  portion  of  the  volcano  not  frequently 
covered  by  new  eruptive  products,  it  becomes  the  dominant 
process  when  eruptions  end.  Corals  grow  in  the  shallow  water 
around  the  islands  and  may  build  large  reefs  when  undisturbed 
by  new  lava. 

5.  Renewed  volcanism  stage.  After  long  quiescence  of  hundreds  of 
thousands  to  perhaps  more  than  a million  years,  alkalic  basalt 


and  more  highly  differentiated  lavas,  such  as  basanite  and 
nepheiimte,  may  erupt  intermittently,  both  as  lava  and  tephra, 
through  a span  of  perhaps  thousands  of  years.  Erosion  and  reef 
building  continue  in  unaffected  areas. 

6.  Atoll  stage.  After  stream  and  wave  erosion,  coupled  with 
subsidence  induced  by  volcanic  loading,  have  reduced  the  vol- 
cano to  sea  level,  the  former  island  typically  is  encircled  by  coral 
reefs.  If  subsidence  continues,  coral  may  build  an  edifice  atop  the 
eroded  volcanic  rock  to  thicknesses  of  hundreds  of  meters. 

7.  Late  seamount  stage.  Rate  of  regional  subsidence  eventually 
exceeds  rate  of  reef  building;  island  sinks  below  sea  level  to 
become  a seamount;  pelagic  sediments  mantle  edifice,  which  may 
survive  quietly  for  millions  of  years. 

Each  Hawaiian  volcano  begins  growing  in  a deep-ocean 
environment,  but  only  a single  example.  Loihi,  has  provided  clues  to 
the  composition  and  characteristics  of  the  lava  of  the  deep-sea  stage. 
Loihi  is  as  yet  little  explored,  but  it  is  already  a large  volcano,  nsing 
at  least  3,000  m above  its  base.  A wealth  of  petrologic  information 
has  been  extracted  from  the  dredged  samples  from  Loihi,  an 
innovative  petrogenetic  evolution  has  been  suggested  (Frey  and 
Clague,  1983X  and  it  is  tempting  to  assume  that  all  or  most 
Hawaiian  volcanoes  have  undergone  this  same  pctrogencsis.  The 
assumption  is  reasonable,  but  the  characteristics  of  later  stages  are 
all  derived  from  the  study  of  several  or  many  volcanoes.  Hence,  until 
rocks  similar  to  those  of  Loihi  are  found  at  other  new  seamounts  or 
are  encountered  by  deep  dnIHng  into  the  core  of  older  volcanoes,  the 
details  and  implications  of  stage  (I)  should  be  considered  provi- 
sional. 

Stage  I begins  with  fissures  or  single  vents  erupting  lava  onto 
the  ocean  floor.  Repeated  flows  build  a submarine  edifice  (fig,  7.9X 
which  consists  mostly  of  pillow  lava.  If  of  alkalic  composition,  the 
edifice  may  have  sides  that  are  quite  steep;  the  bathymetry  of  Loihi 
(Malahoff,  chapter  6;  Malahoff  and  others,  1962)  shows  some 
slopes  approaching  45°.  Fhe  first  embryonic  volcano  in  a region 
would  grow  independently  of  any  influence  by  neighboring  edifices. 
However,  when  one  or  more  additional  volcanoes  develop  nearby. 
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TAHLk  7.4. — Haktrical  eruption*  of  Mama  Ijoa  through  198 5 
[Daalw*  ( 1 to  data,  (forty  (>X  ijwntMoabV  data] 


Dale 

erunuoc  began 
MoaLb  and  day 

Duration 

Approsimaie  area 

Apratnucuir  volume 

Ynr 

(day*) 

Location  at  maior  vent  * 

km- 1 

• l<*. 

Referent** 

1832 

June  20 
January  9 

21  (?) 

(Caldera 

Steams  and  Macdonald,  1946.  p 79. 
Brigham,  1909,  pi  63-65;  Hitchcock. 
1909,  p 84-85. 

1843 

95 

Northeast  nft 

53 

191 

1849 

May  15 

15 

Caldera 

... 

— 

Coan,  1851;  Brigham,  1909,  pi  65; 
Hitchcock,  1W9,  p 85 

1851 

August  S 

21 

..do  

18 

69 

Brigham.  1909.  p 65;  Hitchcock.  1909, 

p 85-86. 

1852 

February  17 

21 

Caldera,  northeast  rift 

28 

107 

Coan.  1852;  Brigham.  1909,  pL  65-68; 

Hitchcock,  1909.  pi  86-  94. 

Bngham,  1909,  p 68-71;  Hitchcock, 
1909,  pi  94-100. 

Davis,  1859;  Dana.  1859,  I860,  Brigham. 

1855 

August  11 

450 

Northeast  rift 

31 

115 

1859 

January  23 

300 

North  flank 

85 

459 

1909,  p 75-80;  Green.  1887; 
Hitchcock,  1909.  p 100-104 

1865 

December  30 

120 

Caldera 

Hitchcock.  1909,  p.  104 

1868 

March  27 

16 

Southwest  rift 

24 

145 

Coan,  1869;  Bngham.  1909,  pi  100-116; 
Hitchcock,  1909,  p 104-111;  Moore 

ami  Ault,  1965,  p 5-7;  Fisher,  1968. 

1871 

August  1 

30 

Caldera 

Coan,  1871,  p 456. 

Bngham.  1909.  p 125;  Hitchcock,  1909, 

1872 

August  10 

(SO 

..  do 

p 111-112. 

1873 

January  6 

2 (?) 

. do . .....  . 

Bri*h«n.  1909,  pi  126;  Hitchcock  IWW. 

p 112-114. 

1873 

April  20 

547 

..  do 

- 

— 

Bngham.  1909.  p 122-127;  Hitchcock, 
1909.  p 114-115. 

1875 

January  10 

30 

..  do  ..  . 

Bngham.  1909.  p 127,  Hitchcock,  19U9. 

p 115;  Coan.  1877. 

1875 

August  11 

7 

..  do  

Do 

1876 

February  13 

1 

--  do 

Bngham.  1909.  p 127;  (atari.  1877. 

1877 

February  14 

11 

Caldera,  west  flank  (offshore) 

Bngham.  1909,  127-128;  Hitchcock. 

1909.  p 115-116;  Coan.  1877 

1880 

May  1 

6 

Caldera 

— 

... 

Bngham.  1909,  p 133,  145;  Hitchcock. 
1909,  p 1 16. 

1880 

November  1 

280 

Northeast  rift 

62 

230 

Bngham.  1909,  p 145-155;  Hitchcock. 

1909,  p 116-119 

1887 

January  16 

10 

Southwest  nft 

29 

230 

Bngham.  1909,  p 165-168:  Hitchcock, 

1909.  p 123-127. 

1892 

November  30 

3 

Caldera 

Bngham.  1909.  p 185. 

1896 

April  21 

16 

do . . . 

— 

— 

Bngham,  1909,  p 192-1%;  Hitchcock, 
1909,  p 128-130. 

1899 

July  4 

23 

Caldera,  northeast  rift 

42 

153 

Bngham.  1909,  p 196-199:  Hitchcock. 

1909.  p 132-138. 

1903 

October  6 

60 

Caldera 

— 

Bngham.  1909,  p 202-204;  Hitchcock, 
1909.  p 138-139 

1907 

January'  9 

15 

Caldera,  southwest  rift 

21 

76 

Bngham.  1909,  p 206-209;  Hitchcock, 
1909.  p 142-146. 

Jaggar,  1947.  p 99. 

1914 

November  25 

48 

Caldera 

1916 

May  19 

14 

Southwest  nft 

17 

61 

jaggar.  1947,  p 104 

1919 

September  26 

42 

Caldera,  southwest  nft 

24 

268 

Jaggar.  1919,  1947,  p 125-133;  Moore  and 
Ault.  1%5,  p 7. 

1926 

April  10 

15 

..  do 

35 

115 

Jaggar.  1926,  1947,  p 171-173- 

1933 

December  2 

17 

Caldera 

5 

76 

jaggar,  1947,  p 195  196 

1935 

November  21 

42 

Caldera,  northeast  rift 

36 

122 

jaggar,  1947.  p 197  - 200. 

Macdonald,  1954;  Macdonald  and  Abbott, 

1940 

April  7 

133 

Caldera 

10 

76 

1942 

April  26 

15 

Caldera,  northeast  rift 

28 

76 

1970,  p 57-60. 

Macdonald , 1954;  Macdonald  and  Abbott, 

1970.  p 60-65. 

1949 

January  6 

145 

Caldera 

15 

59 

Macdonald  and  Ore,  1950;  Finch  and 

Macdonald.  1951;  Macdonald  and 
Abbott.  1970,  p 65-67. 

1950 

June  1 

23 

South  wen 

91 

460 

Finch  and  Macdonald,  1953;  Macdonald. 

1954:  Macdonald  and  Abbott,  1970, 
p 9 11. 

1975 

July  5 
March  25 

1 

Caldera,  southwest  and  northeast  rifts 

14 

30 

Lockwood  and  others.  chapter  19.  1976. 

1984 

22 

Caldera,  southwest  nft,  and,  primarily. 

48 

220 

Lockwood  and  others,  chapter  19,  1985. 

northeast  nft 

the  flows  from  two  or  more  sources  begun  to  inter  finger,  and  the 
presence  of  each  volcano  would  influence  the  path  of  flows  from  its 
neighbor.  Linear  rift  zones  develop,  with  their  orientations  deter- 
mined by  stress  fields  influenced  both  by  regional  tectonics  and  local 
gravitational  forces  (Fiske  and  Jackson,  1972). 

The  shield-building  stage  (2)  includes  the  principal  growth  of 
the  volcano;  products  consist  almost  exclusively  of  tholeutic  basalt 
and  tholeiitic  picrite  (olivine-rich  tholeiite)  By  far  the  greatest 


proportion  of  Hawaiian  volcanoes  consists  of  tholeiite  erupted  during 
the  shield -building  stage  (fig.  7.9,  table  7.5)  Three  substages  have 
been  designated  submarine  (2a)  sea  level  (2b)  and  subaerial  (2c); 
the  behavior  of  the  erupted  products  and  their  physical  character  is 
largely  determined  by  which  of  these  three  environments  they 
encounter. 

Ihe  submarine  substage  (2a)  involves  the  repeated  voluminous 
extrusion  of  tholeiite,  which  assumes  the  form  of  pillow  lava; 
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Fk'AJKE  7.9. — Diagrams  showing  success  nr  stages  in  evolution  at  a Hawaiian  volcano  as  proposed  in  lius  paper.  Changes  between  stages  normally  are  ti  anvil  tonal  and 
gradational.  For  umpiicily.  feeder  conduits  and  rift  zones  are  ocnslted.  Substantial  crustal  subsidence  caused  by  volcanic  loading  occurs  throughout  growth  stages  ( I ) 
through  (3);  subsequent  sea-level  changes  may  be  sporadic,  but  net  subsidence  contmues  into  stage  (7X  Vertical  exaggeration  vanes  from  approximately  2 X to 
approximately  4x  . Only  stages  (I)  through  (4)  are  represented  on  I lawau  See  text  for  additwoal  details. 


countless  repeated  flows  build  a submarine  shield  volcano,  l-ava 
issues  from  both  summit  vents  and  rift  zones,  and  submarine 
eruptions  probably  exhibit  as  wide  a variety  of  flow  behavior  as  do 
subaenaJ  eruptions,  except  that  below  a few  hundred  meters  depth 
the  pressure  is  sufficient  to  inhibit  explosive  activity,  and  any  vesicles 
are  only  of  microscopic  size.  Slopes  of  the  edifice  are  generally  10°  to 
20°.  The  crust  beneath  the  volcano  subsides  during  rapid  growth 
and  volcanic  loading;  thus  the  length  of  time  required  for  the  summit 
to  reach  sea  level  is  longer  than  previously  thought,  perhaps 
approaching  a million  years  (Moore,  chapter  2X 

As  the  summit  of  the  growing  submarine  shield  approaches  sea 
level,  the  sea-level  substage  (2b)  begins.  The  hydrostatic  head 
declines  enough  to  allow  the  ocean  water  to  boil  when  encountered 
by  vesiculating  molten  lava.  The  abrupt  production  of  steam  disrupts  | 


the  lava,  sometimes  explosively,  and  it  is  shattered  to  form  tephra 
and  hyaloclastite  material  (Moore  and  Fiske,  I969X  As  the  process 
continues,  a broad  mound  of  mixed  tephra  and  lava  eventually 
emerges  above  sea  level.  Waves  immediately  begin  to  erode  the 
tephra  and  fragment  the  lava,  and  initiaJly  the  new  island  may  be 
transitory.  But  if  the  supply  of  new  material  is  steady  and  sufficiently 
large,  the  volcanic  pile  grows  fast  enough  to  keep  ahead  of  wave 
erosion,  and  the  new'  island  enlarges.  When  the  vent  is  sufficiently 
protected  from  sea  water,  explosions  decline  and  coherent  flows  form 
a resistant  veneer  over  the  fragmental  material,  reducing  the  rate  of 
wave  erosion.  The  island  of  Surtsey,  south  of  Iceland,  is  a well- 
observed  example  of  the  process  by  which  a basaltic  volcano  initially 
emerges  above  the  sea  ( ITiorannsson,  I967X  Although  the  process 
has  not  been  observed  in  Hawaii,  basaltic  volcanoes  there  would 
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TABLE  7.5. — Revised  evolutionary  scheme  f<*  Havanan  volcanoes 


Sugc 


Dorr.inani  cumpuwlKm 
of  nainu 


Doaiarat  geoiofx  practise*  and  characieriiik*1 


(1)  Initial 

(2)  Shield  building 

(2a)  Submarine 
(2b)  Sea  level 

(2c)  Subaerial 

(3)  Capping 

(4)  Eiosional 

(5)  Renewed  vokanism 

(6)  Atoll 

(7)  Late  seamount 


ADuhc  basalt,  basanitt, 
iranxiiKmal  basalt 
Tboleiittc  basalt,  tbol euttc 
picrile 

..  do  .............. 

..do  

..do  


Alkalic  basalt,  transitional 
basalt,  other  alkalic 
rocks* 

None 


Alkalic  basalt,  ba unite, 
nephelimte,  nephilme 
melilttile 
None 

None 


Initial  activity  of  new  volcano;  rates  and  frequency  of  eruption  and  duration  of  stage  not  known;  edifice 
may  be  sleep  uded  (because  only  a tingle  example  a recognized,  this  stage  es  considered  provisional:. 

Frequent  voluminous  eruptions  from  central  vent  and  nft  /ones,  hut  uric  examples  suggest  eruptive  rates  of 
1-3  km  MOO  yT,  frequency  about  5-50  eruptions,  1 00  yr;  shield -shaped  edifice  built;  caldera  may  form 
and  be  refilled  repeatedly  during  any  substage. 

Products  pillow  lava  and  pillow  fragments,  moderately  steeply  sloping  edifice. 

Products  nyaioclastites  — the  result  of  explosive  interaction  Between  sea  water  and  molten  lava,  and 
wave  abrasion. 

Products  chiefly  pahoehoe  and  aa  lava  flows,  interspersed  with  sporadic  tephra  produced  by 
occasional  explosions;  dominantly  fluid  lava  builds  gently  sloping  edifice;  processes  at  2a  and  2b 
continue. 

Products  initially  pahoehoe  and  aa  lava  flows,  increasing  proportions  of  tephra-buih  cinder  cones, 
gradual  or  abrupt  change  to  smaller  briefer  eruptions;  increasing  lava  viscosity  (block  flows); 
declining  eruptive  rates  and  frequency  of  eruptions,  eventually  at  intervals  exceeding  10-’  yr; 
capping  structure  steeper  sided  than  stage  2c. 

Lack  of  eruptions  allows  fluvial  and  marine  erosion  to  carve  vallcvs,  canyons,  ctiffs,  and  so  on;  reefs 
may  develop  along  some  short  lines  (erosion  operates  dunng  afl  stages,  but  effects  offset  by 
repealed  eruptions). 

Sporadic  eruptions,  generally  from  vents  not  related  to  central  conduit  or  nft  /ones,  commonly 
explosive  though  some  are  effusive.  Eruptions  are  of  low  volume  and  widely  spaced  in  time. 

Erosion  and  reef  building  continue. 

Abetted  by  regional  subsidence,  fluvial  and  marine  erosion  reduce  volcano  to  sea  level.  Reef 
building  continues,  may  form  ring-shaped  group  of  islands  with  interior  lagoon. 

Rate  of  regional  subsidence  eventually  exceeds  rate  of  reef  building  and  island  sinks  below  sea  level 
to  become  a seamount;  gradually  mantled  by  pelagic  sediments;  subdued  edifice  may  survive  for 
millions  of  years 


'In  4«JJii*in  to  pnxcwo  luted . regional  crtnul  Hbndencr  crated  by  treight  of  growing  rale  an  on  it  nearly  continuous,  mulling  in  apparent  rite  m tn  tori  tipitodc*  of  glaciation 
cause  a waridwadc  drop  in  tea  level,  temporarily  olftctling  neatly  regional  tuhtideacc 

-Other  alkalic  rocks  may  include  kawaute,  mugeanie.  beamoreue,  aokarunue.  traebyte. 


presumably  emerge  above  the  ocean  in  a like  manner.  The  zone  of 
tephra,  fragmental  lava,  and  hyaloclastite  forms  a distinctive  horizon 
marking  the  transition  from  submarine  to  subaerial  lava  (Moore  and 
Fl&ke,  1969).  The  behavior  of  lava  at  and  below  sea  level  was 
further  reviewed  above  in  the  section  “Submarine  Investigations.” 

Once  an  island  is  established,  the  subaerial  substage  (2c) 
begins,  which  involves  further  growth  of  the  shield  by  continued 
eruptions.  The  lava  issues  both  from  central  vents  and  rift  zones 
radial  to  the  summit,  and  in  composition  the  lava  continues  to  be 
tholeiitic  basalt.  Slopes  are  generally  from  3°  to  10°,  and  they 
contrast  distinctly  with  the  steeper  submarine  slopes.  Rate  of  growth 
is  rapid,  demonstrated  by  a general  lack  of  both  erosion  and  soils 
between  successive  flows.  This  substage  is  exemplified  by  frequent 
and  well  documented  eruptions  of  Kilauea  and  Mauna  Loa.  As  the 
subaerial  shield  grows,  the  processes  of  substages  2a  and  2b 
continue  below  and  at  sea  level  as  the  volcano  expands  outward. 
Crustal  subsidence  continues  (Moore,  chapter  2\  so  that  much  of 
the  subaerially  erupted  lava  becomes  part  of  the  submarine  edifice, 
and  the  hyaloclastite  horizon  assumes  a broad,  sagging  profile  (fig. 
7.9)  Calderas  may  form  and  be  filled  repeatedly  throughout  the 
tholeiitic  lava  stage. 

The  capping  stage  (3)  begins  as  the  magma  eventually  dif- 
ferentiates to  yield  alkalic  basalt;  at  some  volcanoes,  lava  transitional 
between  tholeiitic  and  alkalic  basalt  is  erupted  (hg.  7.9,  table  7.5) 
If  a caldera  is  present,  lava  that  fills  it  may  be  either  tholeiite, 
transitional  lava,  or  alkalic  basalt.  There  is  no  theoretical  reason 
why  a caldera  could  not  form  during  stage  3;  calderas  do  occur  in 
volcanoes  of  alkalic  basaltic  composition  elsewhere  in  the  world. 
However,  they  have  not  been  observed  to  form  during  this  stage  in 
Hawaii,  and  in  view  of  the  declining  volume  rate  of  eruption 
characteristic  of  stage  3,  caldera  formation  seeins  highly  unlikely. 


With  the  change  in  composition,  explosive  eruptions  become  more 
common,  and  a steeper  sided  cap  with  slopes  of  as  much  as  20°  is 
built  over  the  shield.  Differentiation  may  proceed  further  to  yield  one 
or  more  of  the  following:  hawaiite,  mugearite,  benmoreile,  trachyte, 
and  ankaramite.  Alkalic  basalt,  like  tholeiite,  forms  pahoehoe  and 
aa;  the  more  differentiated  lavas  become  increasingly  viscous  and 
may  form  block  lava.  Eruptions  gradually  become  separated  by 
progressively  longer  time  intervals  and  finally  end.  Subsequent 
evolution  of  the  volcanoes  through  the  erosion al  stage  (4X  renewed 
vokanism  stage  (5)  atoll  stage  (6)  and  late  seamount  stage  (7)  are 
briefly  reviewed  above,  illustrated  in  figure  7.9,  and  outlined  in  table 

7.5. 

Of  the  volcanoes  of  Hawaii,  Loihi  seems  to  be  at  the  end  of 
stage  I , entering  into  stage  2a;  Kilauea  and  Mauna  Loa  are  in  stage 
2c;  Huaialai  is  in  stage  3;  Mauna  Kea  is  further  along  in  stage  3, 
perhaps  very  late  in  the  stage,  and  the  processes  of  stage  4 are 
becoming  dominant;  and  Kohala  is  in  stage  4.  None  of  these 
volcanoes  has  progressed  beyond  stage  4;  the  volcanoes  of  the  other 
islands  to  the  northwest  are  in  various  parts  of  stages  4 and  5, 
whereas  stages  6 and  7 are  represented  by  atolls,  islets,  and 
seamounts  along  the  Hawaiian  Ridge  northwest  of  the  main  group  of 
islands.  Our  stages  I,  2,  3,  and  5 correspond  to  the  four  stages 
defined  by  Clague  and  Dalrymplc  (chapter  1 , part  I)  although  they 
are  designated  by  different  terms. 


PETROLOGIC  HISTORY  OF  INDIVIDUAL 
VOLCANOES 

Though  the  volcanoes  of  Hawaii  are  broadly  similar  to  one 
another  m certain  respects,  each  has  achieved  a specific  positron 
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within  the  hierarchy  of  growth  stages  by  means  of  an  individual 
course  of  petrologic  development.  Each  volcano  is  basically  a 
tholeiitic  shield,  but  KohaJa,  Maun  a Kea,  and  Hualalai  Volcanoes 
have  passed  into  or  beyond  the  capping  stage  (3),  whereas  Mauna 
Loa  and  Kilauea  are  in  the  subaerial  part  of  the  shield -building 
stage  (2c).  Loihi  cannot  yet  be  termed  a tholeiitic  shield,  though  it 
appears  to  have  completed  the  initial  stage  (1)  and  is  entering  the 
submarine  part  of  the  shield-building  stage  (2a).  Among  the  vol- 
canoes with  alkalic  caps,  tholeiitic  lavas  of  Kohala  and  Mauna  Kea 
are  exposed  in  a few  canyons  on  the  Hamakua  coast,  whereas 
Hualalai  tholeiites  are  not  exposed  on  the  subaerial  surface  but  have 
been  found  in  a few  water  wells  and  along  the  submarine  extension  of 
the  northwest  rift  zone  (Clague,  1982) 

The  petrologic  development  is  summarized  here  by  showing  ( I ) 
chemical  variations  and  similarities  among  tholeiitic  and  alkalic 
basalts  of  the  five  island  volcanoes  plus  Loihi;  (2)  differentiation 
processes  by  which  basaltic  magma  produces  rocks  of  other  com- 
positions; and  (3)  effects  of  olivine  control  on  related  lavas.  To 
illustrate  these  processes  we  have  selected  five  basic  variation 

diagrams  as  follows:  Na20  + K20  vs.  Si02  (fig.  7. 10)  CaO  vs. 
Si02  (fig.  7.1 1)  CaO  vs.  MgO  (fig.  7. 12)  T.02  vs.  MgO  (fig. 
7. 13)  and  Na20  vs.  MgO  (fig.  7. 14)  These  diagrams  are  derived 
from  834  chemical  analyses  of  rocks  from  Hawaii,  distributed 
among  the  volcanoes  as  follows:  Kohala,  36  analyses;  Mauna  Kea, 
36;  Hualalai,  293;  Mauna  Loa,  117;  Kilauea,  340;  Loihi,  12. 
Most  analyses  are  from  references  listed  in  table  7.6;  some  are 
unpublished  data  of  E.D.  Jackson  (Hualalai)  T.L.  Wright 
(Hualalai)  and  R.B.  Moore  (Hualalai  and  Kilauea) 

In  spile  of  documented  long-term  storage  of  Hawaiian  tholeiitic 
magma  m rift  zone  reservoirs,  fractionation  of  such  magma  has 
rarely  produced  compositions  more  silicic  than  basalt  (boundary  at 
52  percent  Si02)  The  sole  known  exception  is  the  Yellow  Cone 
scoria  (Kilauea  southwest  rift  zone)  with  55  percent  Si02,  which 
was  produced  by  mixing  of  a differentiate  with  60  percent  Si02  and 
2 percent  MgO  with  a more  olivine-rich  magma  (Wight  and  Fiske, 
1971 ) Otherwise,  andesitic  or  more  silicic  compositions  of  tholeiitic 
parentage  are  unknown  on  the  Island  of  Hawaii,  although 
rhyodacite  occurs  on  Oahu  (Macdonald  and  others,  1983) 

Most  of  the  subaerial  part  of  Kohala  and  Mauna  Kea  and  all 
of  Hualalai  are  composed  of  alkali  olivine  basalt  and  its  differenti- 
ates, and  the  average  recurrence  interval  for  eruptions  on  Hualalai  in 
the  Holocene  has  been  about  50  yr,  as  evidenced  by  radiocarbon 
age  data  (Moore  and  others,  chapter  20)  These  facts  suggest  that 
alkali  olivine  basalt  has  been  generated  frequently  during  late 
Pleistocene  and  Holocene  time.  Fractionation  of  alkali  olivine  basalt 
magma  has  been  extensive;  the  most  differentiated  rocks  at  each 
volcano  include  trachyte  on  Hualalai.  benrnoreile  and  trachyte  on 
Kohala,  and  a single  reported  occurrence  of  mugearitc  on  Mauna 
Kea. 

Macdonald  and  Katsura  (1964)  described  separate  composi- 
tional fields  for  alkalic  and  tholeiitic  basalts  for  the  whole  Hawaiian 
island  chain,  and  these  fields  for  the  Island  of  Hawaii  are  illustrated 
in  the  alkali-silica  variation  diagrams  of  figure  7.10.  A few  basalts 
from  each  volcano  straddle  the  boundary  between  the  fields.  The 
alkali-silica  diagrams  further  show  that  slightly  andesitic  melts  are 


the  most  Si02-rich  erupted  from  the  tholeiitic  suite  on  the  island, 
and  that  trachyte  is  the  most  silicic  rock  produced  by  fractionation  of 
the  alkalic  suite. 

The  lime-silica  variation  diagrams  (fig.  7.11)  show  rather 
diverse  trends  among  the  different  volcanoes.  Kohala,  Mauna  Kea, 
Hualalai,  and  Loihi  illustrate  the  general  alkalic  trend  of  decreasing 
CaO  with  increasing  Si02,  whereas  the  data  for  the  tholeiitic 
Mauna  Loa  and  Kilauea  volcanoes  produce  bell-shaped  curves  that 
peak  at  about  50-51  percent  Si02. 

The  lime-magnesia  variation  diagrams  (fig.  7.12)  document 
the  major  role  played  by  olivine  in  the  tholeiitic  suite  for  MgO 
content  above  about  6.8  percent  (Powers,  1955;  Wright  1971; 
Wright  and  others,  1975;  Wight  and  Tilling,  1980)  The  change  in 
slope  erf  the  curves  below  this  point  indicates  departure  from  olivine 
control  and  the  coprecipitation  of  pyroxenes  and  plagioclase.  Curves 
for  the  alkalic  rocks  of  KohaJa,  Mauna  Kea,  and  Hualalai  change 
slope  at  about  the  same  point  as  those  of  the  tholeiitic  suite, 
suggesting  that  olivine-controlled  fractionation  is  also  important 
among  some  basaltic  rocks  of  the  alkalic  suite.  Wide  scatter  in  most 
of  the  plots  at  contents  of  MgO  greater  than  6.8  percent  indicates 
that  considerable  mixing  of  different  batches  of  divme-controlled 
magma,  or  differentiation  involving  phases  in  addition  to  olivine,  has 
occurred  in  both  suites  (accept  on  Mauna  Loa;  see  Rhodes,  1983) 

The  titania-magnesia  variation  diagrams  (fig.  7.13)  show 
considerable  scatter,  even  at  relatively  high  MgO  values,  reflecting 
the  effects  of  possible  mixing  of  magma  in  shallow  storage  chambers 
as  well  as  temporal  variations  at  given  contents  erf  MgO.  The  reason 
for  the  change  in  slope  among  the  alkalic  rocks  at  5-6  percent 
MgO,  instead  of  the  more  usual  6.8  percent  in  the  tholeiitic  suite 
(Wight  and  Fiske,  1971)  is  not  clear,  but  this  change  may  reflect 
the  accumulation  of  titaniferous  dinopyroxene  in  magmas  that  have 
fractionated  olivine  nearly  to  its  possible  limit.  Olivine -controlled 
lavas  of  Mauna  Kea  and  Kilauea  generally  are  higher  in  Ti02  than 
those  of  the  other  volcanoes;  the  differences  do  not  seem  to  be  rdated 
to  differences  between  the  alkalic  and  tholeiitic  suites. 

The  soda-magnesia  variation  diagram  for  all  volcanoes 
together  (fig.  7. 14)  shows  again  the  importance  of  olivine-controlled 
fractionation  and  of  mixing  in  shallow  magma  chambers  (the  part  of 
the  plotted  data  showing  the  latter  is  dominated  by  analyses  of 
Kilauea  rocks)  The  diagram  also  demonstrates  the  generally  higher 
soda  values  in  alkalic  rocks  (dominated  by  analyses  of  Hualalai 
rocks) 

Relatively  recent  reports  on  the  petrology  of  individual 
Hawaiian  volcanoes  and  on  models  for  generation  of  tholeiitic  and 
alkalic  magmas  are  given  in  table  7.6.  These  studies  are  summarized 
by  Wnght  and  Helz  (chapter  23)  and  will  be  treated  only  briefly 
here.  Most  workers,  beginning  with  Steams  and  Macdonald 
(1946)  have  suggested  that  alkalic  rocks  are  related  to  tholeiitic 
basalts  either  by  protracted  fractional  crystallization  of  tholeiitic 
magma  or  by  varying  degrees  of  partial  melting  of  the  mantle  source. 
This  conclusion  was  based  partly  on  the  small  volume  of  alkalic 
rocks  compared  to  tholeiites  and  on  field  relations,  notably  the 
occurrence  of  basalts  of  transitional  composition  stratigraphkally 
between  tholeiitic  and  alkalic  basalts  on  KohaJa  and  Mauna  Kea 
and  on  other  islands  in  the  Hawaiian  Chain.  More  recently. 
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FIGURE  7 10  — Alkah  *ikca  variation  diagram*  (NaiO  + KjjO  n.  SiO,)  for  volcanic  rock*  of  Hawaii.  A F.  Plot*  for  individual  volcanos  as  indicated  G.  Data  for  all 
»«  vole  anon  combined  Individual  diagram*  *how  data  for  that  volcano  by  heavy  symbols  and  for  comparison  data  for  the  other  volcanoes  by  kgh<  dot*.  Analyse*  from 
published  and  unpublished  tnurrr*. 
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Figure  7.10. — Continued. 


Lanphere  ami  others  (I960)  concluded  that  alkalic  and  tholeiitic 
rocks  are  slightly  different  in  terms  of  Rb  and  Sr  abundances  and 
isotopic  compositions,  suggesting  intrinsic  differences  in  mantle 
source  regions.  Lanphere  (1983)  has  presented  87Sr/fl6Sr  data  for 
Loihi  Seamount  and  concluded  that  the  source  materials  for  its 
divergent  lavas  are  also  isotopic  ally  distinct.  Wright  (1984)  pre- 
sented a metasomatic  model  for  the  origin  of  Hawaiian  tholeiite  that 
involves  partial  melting  of  a mantle  source  from  which  some  mido- 
cean-ridgc  basaltic  liquid  has  been  removed  and  to  which  has  been 
added  a nephelinitic  fluid,  amphibole,  apatite,  iron  sulhdc,  and 
magnetite/ ilmenite. 

KOHALA 

Kohala  is  the  longest  inactive  and  likely  the  oldest  volcano  on 
the  Island  of  Hawaii,  although,  as  noted  by  Lipman  (1980),  ages  of 


basalts  in  the  Ninole  Hills  in  the  south  flank  of  Mauna  Loa  are 
similar  to  those  of  the  oldest  dated  Kohala  lavas  (0.7-0.45  Ma;  see 
Evernden  and  others.  1964;  Dalrymple,  1971). 

The  geology  of  Kohala  was  mapped  in  reconnaissance  by 
Steams  and  Macdonald  (1946);  detailed  mapping  by  M.O.  Garcia 
and  S.C.  Porter  is  in  progress.  Steams  and  Macdonald  recognized 
two  major  groups  of  volcanic  units;  they  termed  the  older  of  these  the 
Pololu  Volcanic  Series,  which  they  considered  to  be  Pliocene  to 
early  Pleistocene  in  age,  and  the  younger  the  Hawi  Volcanic  Series, 
which  they  considered  middle  Pleistocene.  These  units  have  been 
renamed  the  Pololu  Basalt  and  the  f lawi  Vole  antes  by  Langenheim 
and  Clague  (chapter  I,  part  II).  Subsequent  K-Ar  dating 
(McDougall,  1964;  Dalrymple,  1971;  McDougall  and  Swanson. 
1972)  has  established  a Pleistocene  age  (0.7-0.06  Ma  ) for  all  of 
the  subaerially  opposed  part  of  Kohala.  McDougall  and  Swanson 
(1972)  concluded  that  the  Pololu  shield -building  stage  ended  at 
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Figure  7.11.—  Contained. 


about  0.3  Ma  and  that  the  Hawi  alkalic  cap  was  formed  by 
eruptions  at  0.25-0.06  Ma  (see  fig.  7.4) 

The  lower  part  of  the  Fololu  Basalt  is  tholeiitic  (Macdonald 
and  K at  sura,  1964)  and  was  extruded  during  the  shield- building 
stage  of  the  volcano;  the  younger  volcanic  materials  are  alkalic  and 
characterized  by  larger  proportions  of  intercalated  cinders  and  ash. 
Variation  diagrams  (figures  7.10-7.14)  suggest  that  some  transi- 
tional basalts  occur  in  the  upper  part  of  the  PoJolu  Basalt. 

The  Hawi  Volcanics  is  entirely  alkalic  and  ranges  in  composi- 
tion from  alkali  olivine  basalt  to  benmorette.  Mugc antes  are  par- 
ticularly abundant,  and  more  mafic  rocks  are  rare.  Fetgenson  and 
others  (1963)  report  the  occurrence  of  d unite  xenditks  in  some  alkali 
basalt  flows.  Most  of  the  Hawi  vents  are  along  Kohalas  northwest- 
southeast-trending  rift  zone;  the  relation  of  this  rift  to  the  geometry 


of  the  tholeiitic  shield  is  unknown,  although  probably  the  modem  rift 
zone  approximately  coincides  with  the  ancient  one.  A caldera  that 
probably  formed  during  Pololu  time  was  buried  by  Hawi  lavas 
(Steams  and  Macdonald,  1946) 

Variation  diagrams  (fig.  7.10-7,14)  for  Kohala  rocks  show 
that  they  generally  are  similar  to  rocks  from  Mauna  Kea.  Rocks  of 
Kohala  are  somewhat  more  evolved,  however;  a single  mugeante  has 
been  reported  from  Mauna  Kea,  whose  subaerial  lavas  arc  domi- 
nated by  hawaiite.  ankaramite,  and  alkali  olivine  basalt. 

The  alkali-silica  variation  diagram  for  Kohala  rocks  (fig. 
7.I0A)  shows  the  fields  of  tholeiitic  and  alkalic  rocks  and  the 
differentiation  products  of  alkali  ohvine  basalt  that  include  hawaiite, 
mugearite.  and  benmoreite.  The  lime-silica  variation  diagram  for 
Kohala  (fig.  7. 1 1 A)  shows  considerable  scatter  in  the  basalt  range, 
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FIGURE  7.12. — Continued. 


probably  resulting  from  highly  variable  proportions  of  plagioctase 
and  clinopyroxene  phenocrysts.  Mugearites  and  benmoreites  of 
Kohala  fall  on  a smooth  trend.  The  lime-magnesia  diagram  (hg. 
7.12  A)  shows  that  Kohala  tholeiites  are  similar  to  those  from 
Hualalai.  Maun  a Loa,  and  Kilauea.  The  titania-magnesia  diagram 
(fig.  7. 1 3 A)  shows  broad  scatter  among  the  Kohala  rocks,  suggest- 
ing that  considerable  mixing  (Feigenson.  1964)  and  accumulation  of 
Ti-rich  phases  (ilmenite.  titanomagnetite,  Fi-nch  clinopyroxene) 
have  occurred.  Figure  7. 14  (soda-magnesia  diagram)  further  sug- 
gests that  Kohala  tholeiites  are  similar  to  those  from  Kilauea  and 
Mauna  Loa  and  that  its  alkatic  rocks  are  generally  similar  to  those 
from  Hualalai  and  Mauna  Kea. 

MAUNA  KEA 

Mauna  Kea  has  been  inactive  tbe  second  longest  among 
volcanoes  on  the  island  of  Hawaii.  Some  Mauna  Kea  lavas  overlie 


rocks  of  Kohala  on  the  east  and  south  sides  of  Kohala;  interlayering 
of  lavas  from  the  two  sources  likely  occurs  at  depth.  Steams  and 
Macdonald  (1946)  divided  Mauna  Kea  lavas  into  the  older 
Hamakua  Volcanic  Series  (Pleistocene)  and  the  younger 
Laupahoehoe  Volcanic  Series  (Pleistocene  and  Holocene  X now 
called  the  Hamakua  Volcanics  and  Laupahoehoe  Volcanics,  respec- 
tively (fig.  7.4;  Langenhetm  and  Clague,  chapter  I,  part  II).  The 
two  units  locally  are  separated  by  as  much  as  5 m of  weathered  ash 
(originally  called  the  FMiala  AshX  most  of  which  probably  origi- 
nated from  proximal  vents  on  Mauna  Kea. 

K-Ar  ages  reported  by  Porter  and  others  (1977)  range  from 
375  ±50  ka  to  270±  35  ka  for  the  Hamakua  Volcanics  and 
1 88  ±15  ka  to  54. 9 ±8. 5 ka  for  the  Laupahoehoe  Volcanics. 
Radiocarbon  ages  by  tbe  same  authors  indicate  that  some  Laupa- 
hoehoe lavas  are  as  young  as  about  4.5  ka,  and  ash  is  as  young  as 

3.6  ka  (Porter.  I979b> 
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Figure  7.13,—  Continued. 


Tholeiitic  basalts  of  the  Hamakua  Volcanic*  crop  out  only 
locally  on  the  Hamakua  (northeastern)  coast  of  the  island,  where 
they  commonly  are  interbedded  with  transitional  and  alkalic  basalts 
(Macdonald  and  Katsura,  1964;  Macdonald.  1968).  The  bulk  of 
the  subaenal  part  of  the  volcano,  including  all  of  the  Laupahoehoe 
Volcanics,  consists  of  transitional  basalts,  alkali  olivine  basalts, 
ankaramites.  hawaiites,  and  a single  known  mugearite  (Macdonald, 
I968X  Eruptions  of  alkali  olivine  basalt  and  derivative  lavas  pro- 
duced cinder  cones  and  lava  flows  (chiefly  aaX  widely  distributed  on 
the  flanks  and  summit  area  of  the  volcano.  Xcnolilhs  of  mafic  and 
ultramalk  rocks,  commonly  of  cumulus  origin,  occur  in  several  cones 
and  flows  (Jackson  and  others,  19821 

The  early  structural  and  eruptive  history  of  Mauna  Kea  is 
conjectural , because  alkalic  lavas  that  constitute  its  cap  havr  buned 
most  structures.  Porter  (1972)  recognized  diffuse  rift  zones  trending 


west,  south-southeast,  and  east -northeast  from  an  inferred  buried 
caldera  beneath  the  summit.  It  is  not  known  whether  these  align- 
ments of  vents  were  inherited  from  the  early  tholeiitic,  shield -building 
stage  of  the  volcano. 

As  noted  above,  lavas  of  Mauna  Kea  are  quite  similar  to.  but 
generally  less  evolved  than,  those  of  Kohala  (fig.  7. 10-7. 14).  The 
alkali-silica  variation  diagram  for  Mauna  Kea  rocks  (fig.  7.10 B) 
indicates  that  virtually  all  analyzed  lavas  are  alkalic.  Fig.  7.11/3 
shows  that  CaO  decreases  with  increasing  SiO,.  as  with  alkalic 
rocks  from  the  other  volcanoes.  Wide  scatter  at  the  low-SiO^,  end 
suggests  highly  variable  proportions  of  plagioclase  and  clinopyrox- 
ene  phenocrysts.  Figure  7.1273  indicates  that  ankaramites  from 
Mauna  Kea  with  MgO  greater  than  1 1 percent  are  similar  only  to  a 
few  ankaramites  from  Hualalai.  Fig.  7.13/3  shows  that  high-MgO 
Mauna  Kea  ankaramites  and  Kilaura  tholeiitcs  have  similarly  high 
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FIGURE  7. 14. — Soda-BMgnnu  variation  diagram  (Na/O  vs.  MgO)  for  volcuuc  rocks  of  Hawaii.  Analyan  from  published  and  unpublished  sources. 


Ti02  contents;  the  two  are  distinct  from  the  rocks  of  the  other 
volcanoes.  On  figure  7. 14  Mauna  Kea  rocks  are  seen  to  be  similar 
to  those  of  the  other  alkalic  suites. 

HU  ALA  LAI 

Hualalai  consuls  of  a cap  of  alkalic  lavas  crowning  an  older 
tholeiitic  shield  (Moore  and  others,  chapter  20 X t-xposed  subaerial 
lavas  are  all  alkalic;  tholeiite  has  been  recovered  only  from  the 
submarine  portion  of  the  prominent  northwest  rift  zone  and  (Clagur, 
1982)  the  bottoms  of  a few  water  wells.  The  geology  of  Hualalai 
was  mapped  in  reconnaissance  by  Stearns  and  Macdonald  (1946); 
detailed  maps  have  been  completed  recently  by  D-A.  Clague  and 
by  R.B.  Moore. 


About  5 km  east  of  Hualalai's  summit,  a diffuse  rift  zone 
trends  north  from  the  principal  northwest  rift  zone,  which  bends 
here  and  continues  I 3 km  south-southeast.  The  subaenal  portion  of 
the  northwest  rift  zone,  2-4  km  wide,  is  24  km  long  from  the 
junction  east  of  the  summit  to  the  ocean;  bathymetry  suggests  that  its 
submarine  atension  may  be  70  km  long.  The  north  nft  zone,  about 
1 0 km  long  and  5 km  wide,  contains  less  than  5 percent  of  the  vents 
and  has  been  inactive  during  the  past  2.000  years.  No  ancient  or 
modem  caldera  is  evident,  but  there  is,  as  on  Mauna  Kea,  a 
concentration  of  vents  in  the  summit  area. 

Trachyte,  the  most  SiC^-rich  rock  on  the  Island  of  Hawaii, 
crops  out  on  the  north  rift  zone  of  Hualalai  at  the  Puu  Waawaa  cone 
and  F\iu  Anahulu  flow.  Trachyte  and  microsyenite  occur  as  xenoliths 
in  basaltic  deposits  from  four  vents  on  the  northwest  and  south- 
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Table  7.6. — Sr  Jet led  nfcttncu  on  the  pebv/ogy  and  geodtemutry  of  indn'tduaJ 
vakannes  of  HaOaii 


Nbicino 

Reference* 

Kohala 

S' earns  and  Macdonald  (1946),  Macdonald  and  Katsura  1 19641. 
Macdonald  ( 1968 1.  Fagemon  and  others  (19*3). 

Mauna  Kea 

Steams  and  Macdonald  (1946),  Macdonald  and  Katsura  (1964), 
Macdonald  < 19681. 

Hualalai 

Moore  and  others  (chapter  20),  Steams  and  Macdonald  (1946), 
Macdonald  (1968),  Clague  and  others  (19*0). 

Mauna  Loa 

Steams  and  Macdonald  1 1946  \ Macdonald  and  Katsura  (1964), 
.Macdonald  (1968),  Wright  (1971),  Rhodes  (1983). 

Steams  and  Macdonald  (1946).  Macdonald  and  Katsura  (1964), 
Macdonald  1968 \ Wright  (1971  c Wnght  and  Fisk*  (1971), 
Wrighi  and  others  (1973),  Wright  and  Tilling  (19801,  Wright 

Kilauea 

Loihi 

Moore  and  others  (1982),  Frrv  and  Clague  (1983).  Lanphcre 
(1983). 

southeast  rift  zones,  and  trachyte  just  above  sea  level  was  encoun- 
tered in  a drillhole  on  the  northwest  rift.  A rather  uncertain  age  for 
Puu  Waawaa  of  0.4  ±0.3  Ma  was  obtained  by  Funkhouser  and 
others  (I968X  but  subsequently  G.B.  Dalrymple  (written  com- 
mon. , 1985)  determined  an  age  of  0.106 ±.006  Ma.  The  steep 
topographic  gradients  in  the  area  of  the  northwest  rift  zone  suggest 
that  other  trachyte  bodies  may  underlie  a thin  draping  of  more  mafic 
lavas.  Trachytes  were  produced  during  the  Pleistocene,  when 
magmatic  activity  was  apparently  much  greater  than  it  has  been 
during  the  Holocene  and  much  larger  volumes  of  parental  alkali 
olivine  basalt  were  available  for  fractionation  in  shallow  magma 
chambers. 

Steams  and  Macdonald  (1946)  mapped  the  alkalic  rocks  of 
Huaialai  as  the  Hualalai  Volcanic  Series,  which  included  the 
Waawaa  VoJcanics.  These  units  are  now  called  the  Hualalai 
Volcanics  and  the  Waawaa  Trachyte  Member,  respectively  (fig. 
7.4;  Langenheim  and  Clague,  chapter  I,  part  II)  Subsequent 
mapping  and  radiocarbon  dating  (Moore  and  others,  chapter  20) 
have  shown  that  about  95  percent  of  the  surface  is  younger  than  10 
ka,  and  about  20  percent  is  younger  than  I ka.  About  200  vents 
have  erupted  during  Holocene  time;  the  latest  eruptions  occurred  in 
1800-1801  (Steams  and  Macdonald,  I946X 

Hawaiite  is  the  other  differentiated  lava  that  has  been  erupted 
by  Hualalai;  neither  mugearite  nor  benmoreite.  common  on  Kohala, 
has  been  found.  The  more  silicic  lavas  are  relatively  old;  during  the 
last  5,000  years,  most  eruptions  have  produced  olivine-controlled 
and  differentiated  alkali  olivine  basah.  Xenoliths  include  mafic  and 
ultramafic  rocks  and  are  common  in  more  than  two  dozen  vents  and 
associated  flows.  They  are  generally  either  rocks  cognate  to  the 
volcano  or  fragments  of  oceanic  crustal  layer  3 (Jackson  and  others, 

1981 X 

The  alkali-silica  variation  diagram  for  Hualalai  rocks  (fig. 
7.  IOC)  shows  that  differentiation  of  alkalic  magmas  has  produced 
the  most  silica-rich  rocks  on  the  island.  It  is  possible  that  mugearites 
and  benmoreites  were  formed  during  the  period  of  trachyte  vol- 
canism.  but  they  have  never  been  found  as  flows,  cones,  or  xenoliths. 

Figure  7. 1 1C  shows  the  typical  alkalic  trend  of  decreasing 
CaO  with  increasing  Si02,  but  it  includes  wide  scatter  at  the 


basaltic  end  and  a huge  Daly  gap  (no  lavas  of  intermediate  silica 
content  X 

Figure  7. 1 2C  shows  a wide  scatter  of  CaO  contents  in  the 
MgO  range  5-15  percent,  indicating  that  mixing  of  magmas  has 
been  an  important  process  within  Hualalai  and  reflecting  the  fact 
that  pbenocrysts  of  dinopyroxene  and  plagioclase  locally  are  com- 
mon. Figure  7.14  shows  the  higher  soda  content  in  alkalic  rocks 
(analyses  dominantly  from  Hualalai)  vs.  tholeiites. 


MAUN  A LOA 

If  the  structurally  high  lavas  in  the  Ninole  Hills  are  considered 
to  be  part  of  Mauna  Loa  (Lipman,  I980X  this  volcano  has  been 
erupting  above  sea  level  for  at  least  400,000  years.  Most  of  its 
surface,  however,  is  Holocene,  as  mapped  by  Stearns  and  Mac- 
donald (I946X  Lipman  and  Swenson  (I984X  and  Lockwood  and 
others  (1984,  and  unpublished  dataX  Steams  and  Macdonald 
(1946)  divided  Mauna  Loa  rocks  into  (I)  the  Pliocene  Ninole 
Volcanic  Series,  shown  by  subsequent  K-Ar  dating  (Evemden  and 
others,  1964;  Dalrymple,  1971)  to  be  late  Pleistocene;  (2)  the 
Pleistocene  Kahuku  Volcanic  Series;  and  (3)  the  latest  Pleistocene 
and  Holocene  Kau  Volcanic  Senes.  These  units  are  now  called  the 
Ninole  Basah.  the  Kahuku  Basah,  and  the  Kau  Basalt  (see  fig. 
7.4;  Langenheim  and  Clague,  chapter  1 , part  IIX  The  Kahuku  and 
Kau  are  separated  by  the  Paha! a Ash. 

Ail  known  subaerial  lavas  of  Mauna  Loa  are  tholeiites,  and 
most  lavas  are  olivine  controlled.  Differentiated  lavas  are  rare,  in 
contrast  to  Kilauea  (Wight,  1971 X Figure  7. I0D  shows  that  a few 
of  the  more  differentiated  lavas  plot  close  to  the  line  separating 
alkalic  from  tholeiitic  basalts  (Macdonald  and  Katsura,  1 964 1 

Figure  7.1  ID  shows  that  CaO  generally  increases  with 
increasing  Si02  in  Mauna  Loa  rocks,  but  begins  to  decrease  as 
andesitic  (52  percent  Si02)  compositions  are  approached.  This 
trend  reflects  the  removal  of  olivine  (low  in  silica  and  lime)  from 
tholeiitic  melts.  As  andesitic  compositions  are  approached,  CaO 
begins  to  decrease,  reflecting  coprecipitation  of  pyroxene  and  (or) 
plagioclase,  as  m the  alkalic  trend. 

Figure  7. 1 2D  (CaO  vs.  MgO)  shows  that  most  Mauna  Loa 
tholeiites  are  olivine-controlled,  as  noted  by  Wright  (1971)  and 
Rhodes  (I983J  In  a few  cases,  differentiated  magmas  (<6.8 
percent  MgO;  Wright,  1971)  have  been  mixed  with  olivine-con- 
trolled  magmas  to  produce  hybrid  lavas  whose  compositions  plot  off 
the  olivine-control  line. 

Figure  7. 1 3D  (Ti02  vs.  MgO)  suggests  that  there  are  two 
trends  among  the  Mauna  Loa  rocks.  One  has  relatively  low  TiO , at 
specific  MgO  abundances  and  may  reflect  accumulation  of  ilmenite 
and  (or)  titanomagnetite. 

KILAUEA 

The  oldest  subaerial  rocks  of  Kilauea  were  mapped  as  the 
Hilina  Volcanic  Series  by  Steams  and  Macdonald  (1946)  The 
rocks  in  their  lowermost  exposures  are  thought  to  date  from  100-70 
ka  (Easton  and  Garcia,  1980)  Holcomb  (1980)  has  determined 
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thal  90  percent  of  the  surface  of  Kiiauea  is  younger  than  1.1  ka.  and 
70  percent  is  younger  than  0.5  ka.  The  youngest  rocks  of  Kiiauea 
were  mapped  as  the  Puna  Volcanic  Series  by  Stearns  and  Mac- 
donald ( 1 946}  The  Rina  is  of  latest  Pleistocene  and  Holocene  age. 
These  units  have  been  renamed  the  Hilina  Basalt  and  the  Puna 
Basalt  by  Easton  (chapter  1 1 } The  Hilina  and  the  Puna  are 
separated  by  the  Pahala  Ash  (see  hg.  7.4} 

The  known  eruptive  vents  of  Kiiauea  are  confined  to  its  summit 
caldera  (3  km  by  5 km  in  size)  and  two  rift  zones  that  attend  east 
and  southwest  from  the  summit.  The  cast  rift  zone,  which  initially 
trends  southeast  for  6 km  from  the  summit  and  then  turns  east- 
northeastward  and  extends  another  45  km,  is  the  longer  and 
historically  more  frequently  active  of  the  two  (Duffield  and  others, 
1982}  It  extends  below  sea  level  another  70  km  beyond  tbe  eastern 
end  of  the  island  (Moore  and  Reed,  1963;  Fomari  and  others, 
1978}  Tbe  subaerial  part  of  the  southwest  rift  zone  is  about  32  km 
long,  and  no  extension  has  been  identified  offshore. 

The  south  flank  of  Kiiauea  is  unbuttressed,  in  contrast  to  its 
north  side,  and  thus  it  is  free  to  move  southward  in  response  to 
repeated  injection  of  magma  into  storage  chambers  beneath  the 
summit  and  rift  zones  (Swanson  and  others,  1976a}  The  large 
earthquakes  of  1868  and  1975  were  possibly  related  to  accumulated 
stress  caused  by  rift  deformation.  The  normal  fault  scarps  of  the 
Hilina  system  record  cumulative  displacements  of  at  least  300  m. 

Eruptions  of  Kiiauea  and  Mauna  Loa  are  normally  placid  and 
nonexplosive,  but  Mauna  Loa  has  had  minor  phreatic  eruptions  in 
Holocene  time  and  Kiiauea  experienced  violent  explosive  eruptions 
in  1790  and  1924  and  doubtless  many  times  previously  (Swanson 
and  Christiansen.  1973;  Decker  and  Christiansen,  1984}  The 
1790  event  was  probably  phreatomagmatic  and  may  have  been 
associated  with  a major  collapse  that  formed  the  modem  caldera 
(Holcomb,  1980).  Lavas  of  that  age  cover  much  of  the  lower  east 
rift  zone  (Moore,  1981,  1983);  draining  of  the  summit  magma 
reservoir  to  feed  the  eruptions  on  the  rift  zone  likely  induced  the 
collapse.  The  1924  phreatic  eruption  was  preceded  by  the  injection 
of  magma  from  the  summit  reservoir  into  the  east  rift  zone, 
accompanied  by  ground  subsidence  at  Kapoho,  near  the  subaerial 
terminus  of  the  rift;  a submarine  eruption  may  have  occurred  to  the 
east -northeast.  The  event  climaxed  with  a senes  of  steam  explosions 
at  Halemaumau  over  the  course  of  several  days.  The  combination  of 
lava  withdrawal,  explosions,  and  collapse  of  the  walls  greatly 
increased  both  the  diameter  and  depth  of  Halemaumau  Crater. 

Other  large  explosive  eruptions  on  Kiiauea  built  the  Kapoho 
cone,  only  20  m above  sea  level,  a few  hundred  years  ago,  and  were 
associated  with  collapse  of  the  three  largest  pit  craters  on  the  lower 
cast  rift  zone  in  the  time  interval  1.3  to  0.2  ka  (Moore,  1981, 
1983} 

Many  historical  eruptions  of  Kiiauea  have  lasted  only  a few 
days  to  a few  weeks,  but  three  relatively  long-lived  eruptions  have 
buih  satellitic  shields  and  associated  cones  (Mauna  Iki,  Mauna  Liu. 
and  Puu  Oo)  since  1919.  Two  late  prehistoric  satellitic  shields 
(Kane  Nui  o Hamo  and  Hciheiahulu)  lie  along  the  east  rift  zone; 
similar  shields  probably  formed  throughout  the  growth  of  the  volcano 
and  now  the  older  ones  lie  buried.  Long-lived  eruptions  from  central 
vents  along  rift  zones  apparently  were  less  common  during  most  of 


I the  last  1,500  years  than  they  have  been  during  historical 
(post- 1 820)  time. 

All  known  Kiiauea  lavas  are  only  tholeiitic  basalt;  olivine- 
controlled,  differentiated,  and  hybrid  lavas  have  been  erupted  from 
its  rift  zones,  while  summit  lavas  are  all  olivine-controlled  ( Wright 
and  Fiske,  1971}  As  with  a few  Mauna  Loa  lavas,  a few  Kiiauea 
lavas  fall  in  the  transition  zone  between  tholeiitic  and  alkalic 
Hawaiian  rocks  on  the  alkali-silica  variation  diagram  (hg.  7. 1 OF} 
It  can  also  be  seen  from  figure  7. 10£  that,  despite  its  relative  youth. 
Kiiauea  has  erupted  a few  lavas  that  arc  somewhat  more  differenti- 
ated than  any  that  have  been  found  on  Mauna  Loa.  It  is  not  known 
why  the  rift  zones  of  Kiiauea  arc  able  to  accommodate  long-lived 
magma  chambers  whereas  those  of  Mauna  Loa  do  not,  but  the 
reason  may  be  related  to  tbe  different  heights  of  the  two  volcanoes. 

The  variation  diagram  of  CaO  vs.  SiC>2  shows  that  Kiiauea 
tholeiites  are  similar  to  those  from  Mauna  Loa.  CaO  increases  with 
increasing  Si02  until  andesitic  compositions  are  approached  and 
then  decreases  with  further  increase  of  Si02.  The  lime  content  of 
Kiiauea  tholeiitic  differentiates  is  markedly  higher  than  that  in  alkalic 
differentiates  of  the  other  volcanoes. 

Plots  of  the  variation  of  CaO  and  Ti02  with  MgO  (figs. 
7. 1 2£,  7.I3£)  show  olivine-controlled  differentiation  down  to 
MgO  abundances  of  about  6.8  percent;  departures  from  tbe 
straight  trend  reflect  magma  mixing  in  nft-zone  storage  chambers 
(Wright  and  Fiske,  1971}  Melts  erupted  on  the  rift  zones  range  as 
low  as  4. 1 percent  MgO  and  include  both  differentiated  and  hybrid 
lavas  (Wight  and  Fiske,  1971}  Ti02  is  generally  higher  in  MgO- 
rich  Kiiauea  lavas  than  in  those  from  Hualalai  and  Mauna  Loa. 

L01HI 

Because  of  its  early  stage  of  development,  Loihi  Seamount  was 
apccted  to  consist  exclusively  of  tholeutic  rocks,  but  dredged 
samples  included  alkali  olivine  basalts  and  basanites,  some  with 
abundant  ultramafic  xenoliths,  as  well  as  tholcutes  (Moore  and 
others,  1982).  From  this  it  has  been  concluded  that  limited  partial 
melting  of  mantle  source  materia)  during  the  initial  stages  of  forma- 
tion of  Hawaiian  volcanoes  may  result  in  generation  of  alkalic  basalts 
(Moore  and  others,  1982;  Frey  and  Clague,  1 983}  With  increased 
partial  melting,  tholeutic  melts  would  form,  and  Loihi  appears  to  be 
in  a transitional  stage  between  the  generation  of  these  two  types  of 
basalt. 

It  is  also  possible,  however,  that  the  rocks  of  Loihi  represent 
more  than  one  mantle  source.  Lanphere  (1983)  reported  ^Sr/^Sr 
ratios  for  the  different  groups  of  basalts  recovered  from  Loihi  and 
concluded  that  their  mantle  sources  had  different  Sr-isotope  com- 
positions. 

Analytical  data  reported  by  Moore  and  others  (1982)  are 
incorporated  here  in  figures  7.10-7.14.  The  variation  diagram  of 
Na^.O+KjO  vs.  SiCT  (hg.  7.10 F)  shows  that  Loihi  alkalic  and 
I tholeiitic  basalts  are  similar  to  those  from  other  volcanoes  on  the 
Island  of  Hawaii,  but  no  other  basanites  have  been  reported. 

The  held  of  high-CaO  Loihi  rocks  is  evident  on  figures  7.11  F 
and  7.12F.  figures  7.I3F  and  7.14  further  indicate  that  analyzed 
I jOihi  rocks  are  generally  similar  to  those  from  other  Hawaiian 
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volcanoes  and  that  olivine-controlled  differentiation  and  mixing  of 
magmas  have  occurred. 

NONERUPT1VE  GEOLOGIC  PROCESSES 

Hawaii  is  the  youngest  island  of  the  archipelago  and  the  only 
one  with  appreciable  historical  volcanic  activity,  and  any  review  of 
its  geologic  history  necessarily  deals  chiefly  with  the  growth  and 
construction  processes  related  to  volcanism.  However,  geologic 
agents  other  than  volcanism  have  also  been  at  work,  some  constantly 
and  others  sporadically.  During  the  active  growth  stages  of  a volcano 
their  effects  are  commonly  outstripped  or  covered  by  the  effects  of 
volcanism.  but  during  the  later  evolutionary  stages,  when  the 
frequency  and  volume  rale  of  eruptions  decline,  the  effects  of  these 
other  geologic  agents  become  more  apparent. 

EROSION  AND  SEDIMENTATION 

Extensive  discussions  of  the  effects  of  erosion  and  sedimentation 
on  the  Island  of  Hawaii  are  given  elsewhere,  chiefly  in  Steams  and 
Macdonald  (1946)  and  Macdonald  and  others  (1983);  we  present 
only  a brief  summary  here. 

Annual  rainfall  on  the  windward  side  of  Hawaii  (east  and 
northeast)  is  high,  as  much  as  7,600  mm  (300  inches).  Erosion  has 
been  effective  in  cutting  canyons  on  the  windward  slopes  of  the  older 
volcanoes,  Kohala  and  Mauna  Kea,  and  to  some  extent  in  the  old 
Ninole  Hills  on  the  south  flank  of  Mauna  Loa.  In  these  areas  of 
steep  topography,  soil  creep  and  mudflows  locally  contribute  to  the 
process  of  erosion.  The  leeward  (west  and  southwest)  side  of  the 
island  receives  much  less  rainfall,  locally  as  little  as  250  mm  (10 
inches).  As  a consequence,  the  western  flanks  of  Kohala  and  Mauna 
Kea  are  little  dissected  by  streams.  Hualalai,  Kilauea,  and  most  of 
Mauna  Loa  show  little  evidence  of  stream  erosion,  because  the 
surface  has  been  frequently  renewed  by  Holocene  volcanic  activity. 
Another  important  factor  inhibiting  stream  erosion  is  the  porous 
nature  of  young  volcanic  rocks.  Even  heavy  rain  infiltrates  young  lava  j 
flows  quickly,  and  surface  runoff  is  minimal. 

As  noted  by  Steams  and  Macdonald  (I946X  Macdonald  and 
others  (I983X  and  other  workers,  the  locations  of  canyons  on  the 
northeastern  side  of  Kohala  are  partly  fault-controlled  and  partly 
consequent,  initially  cut  near  the  edges  of  lava  flows.  Their  local 
relief  is  as  much  as  500  m.  Submergence  of  the  island  during  latest 
Pleistocene  and  Holocene  time  has  drowned  the  valley  mouths,  and 
the  major  canyons,  including  Waipio.  Waimanu,  Honokane  Nui, 
and  Pololu,  contain  thick  sedimentary  fill. 

Canyons  cut  into  the  windward  flank  of  Mauna  Kea  are  not  as 
deep  (maximum  200  m)  as  those  on  Kohala,  because  the  surface  of 
Mauna  Kea  is  younger.  Radial  drainage  consequent  upon  the  lava- 
flow  topography  dominates;  slopes  are  thinly  mantled  by  locally 
derived  cinders,  and  the  effect  of  structures,  such  as  buned  faults, 
appears  to  be  minimal.  The  Wailuku  River,  which  flows  through 
part  of  Hilo,  is  primarily  a consequent  stream  cut  near  the  edges  of 
Mauna  Loa  flows  that  lapped  onto  the  flank  of  Mauna  Kea. 

The  Ninole  Hills,  on  the  south  flank  of  Mauna  Loa.  are  either 
structurally  high  (Lipman,  1980)  or  erosional  (Steams  and  Mac- 


donald, 1946)  remnants  of  early  Mauna  Loa.  Gulches  that  separate 
the  hilts  are  likely  inherited  from  Pleistocene  lime;  their  positions  can 
still  be  identified  even  though  they  have  been  buried  by  flows  of  the 
younger  Kahuku  and  Kau  Basalts. 

Marine  erosion  has  been  vigorous,  primarily  on  the  windward 
sides  of  the  island,  and  has  formed  sea  cliffs  as  high  as  400  m on 
Kohala  arid  100  m on  Mauna  Kea  (Macdonald  and  others,  1983X 
Sea  stacks  and  caves  are  common  on  the  Hamakua  coast.  Wave 
action  along  the  southeastern  coast  has  formed  sea  cliffs  several 
meters  high  on  historic  and  prehistoric  flows  from  vents  on  Kilauea's 
east  rift  zone.  Erosion  along  this  coast  is  so  vigorous  that  a wave-cut 
face  I— 3 m high  was  maintained  even  while  lava  from  the  east  rift 
zone  of  Kilauea  was  still  actively  flowing  into  the  sea  (Peterson, 
1976);  within  months  of  the  cessation  of  activity,  the  newly  created 
shoreline  had  been  worn  back  appreciably.  In  contrast,  marine 
erosion  of  flows  from  Kohala,  Mauna  Kea.  Hualalai,  and  Mauna 
Loa  on  the  western  (leeward)  side  of  the  island  has  been  slight,  and 
sea  cliffs  higher  than  a few  meters  are  rare,  even  on  the  older 
(Pleistocene)  flows. 

Eolian  erosion  and  sedimentation  have  been  of  local  importance 
on  the  island.  Extensive  areas  on  the  west  flank  of  Mauna  Kea  are 
covered  by  eohan  silt,  which  originated  chiefly  as  ash  at  vents  and 
perhaps  as  glacial  debris  blown  from  the  summit  area.  Dunes 
consisting  of  reworked  Pahala  ash  are  common  in  the  South  Point 
area  on  the  southern  flank  of  Mauna  Loa.  The  Kau  Desert,  on  the 
southwest  flank  of  Kilauea,  has  many  small  active  dunes  that  consist 
primarily  of  wind-blown  pyroclastic  debris  originally  ejected  during 
the  explosive  eruptions  of  1790  and  1924. 


CHANGES  OF  SEA  LEVEL 

Many  workers  have  studied  changes  of  sea  level  in  the 
Hawaiian  Islands,  especially  H.T.  Steams  and  more  recently  J.G. 
Moore.  I Tic  major  controls  on  sea  level  have  been  (I)  worldwide 
custatic  fluctuations  caused  by  Quaternary  climatic  changes  resulting 
in  varying  amounts  of  water  stored  in  glaciers  and  (2)  subsidence  of 
the  islands  as  a result  of  volcanic  load  (Moore,  chapter  2,  I969X 

Ancient  shorelines  have  been  identified  throughout  the 
Hawaiian  Islands  by  wavecut  terraces  below  and  near  sea  level  and 
by  deposits  above  sea  level  inferred  to  represent  marine  terraces 

(Steams,  1946,  1966,  1978;  Macdonald  and  others,  I983X  These 

widely  separated  stands  of  the  sea  suggested  to  Steams  that  the  crust 
has  repeatedly  oscillated  up  and  down  throughout  Quaternary  time. 
In  view  of  the  ongoing  subsidence  of  the  southeastern  end  of  the 
island  chain,  readily  shown  to  be  caused  by  the  persistent  process  of 
volcanic  loading  (Moore,  chapter  2;  Apple  and  Macdonald,  1966; 
Moore,  1970;  Moore  and  Fomari,  I984X  such  large-amplitude 
fluctuations  were  puzzling.  Moore  and  Moore  (1984X  however, 
have  provided  evidence  showing  that  most  or  all  of  the  supposed 
subaenal  terrace  deposits  have  instead  resulted  from  a giant  cata- 
strophic wave,  which  avoids  the  need  to  explain  high  stands  of  sea 
level  by  crustal  oscillation.  Moore  (chapter  2)  discusses  the  subsi- 
dence processes  in  detail. 

If,  however,  another  major  global  glaciation  occurs,  sea  level 
may  drop  faster  than  the  ongoing  subsidence.  Canyon-cutting  on  the 
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Island  of  Hawaii  would  then  become  more  vigorous,  as  streams 
become  graded  to  the  new  lower  sea  level. 

GLACIATION 

Mauna  Kea  was  glaciated  during  Pleistocene  time,  and  the 
resulting  deposits  were  studied  by  Wentworth  and  Powers  (1 94 IX 
Porter  and  others  (I977X  and  Porter  (1979a,  b).  These  workers 
recognized  the  effects  of  four  separate  glaciations  that  occurred 
during  the  period  280-10  ka.  Typical  glacial  features  such  as 
striated  boulders,  roches  moutonnees,  ground  moraine,  and  lateral 
and  terminal  moraines  are  visible  in  the  summit  area  of  Mauna  Kea. 
Porter  (1979b)  estimated  that  the  maximum  thickness  of  ice  was 
150-170  m. 

Glaciers  may  have  formed  on  Mauna  Loa  also,  but  any 
evidence  of  them  has  been  buried  by  Holocene  lavas  (Macdonald 
and  others,  1983). 

EARTHQUAKES  AND  FLANK  DISPLACEMENTS 

Most  earthquakes  on  and  near  the  Island  of  Hawaii  are  the 
consequence  of  volcanic  activity.  Some  are  induced  as  magma  moves 
into  storage  chambers  beneath  the  summits  of  Mauna  Loa  and 
Kilauea,  others  as  magma  is  intruded  into  the  rift  zones  that  radiate 
from  the  summit  calderas.  The  intrusion  of  magma  results  in  an 
accumulation  of  stress  that  must  eventually  be  relieved.  Some 
earthquakes  occur  when  magma  moves  out  of  an  area,  resulting  in 
local  foundering  of  overlying  rocks. 

Large  earthquakes  (magnitude  6 or  greater)  in  Hawaii  have 
been  concentrated  in  three  principal  areas:  (I)  the  Keal&kekua  fault 
system  on  the  west  flank  of  Mauna  Loa,  (2)  the  Kaoiki  fault  system 
on  the  southeast  flank  of  Mauna  Loa.  and  (3)  the  Hilina  fault  system 
on  the  south  flank  of  Kilauea.  Each  of  these  areas  has  experienced  at 
least  one  earthquake  of  magnitude  (Af)  greater  than  6 since  1950.  In 
addition,  a deep  (48-km)  M = 6.2  earthquake  struck  the  east  flank 
of  Mauna  Kea  in  1973  and  apparently  triggered  sympathetic  crustal 
aftershocks  on  the  north  flank  of  Mauna  Kea,  an  area  that  has 
experienced  occasional  swarms  for  decades  (Unger  and  Ward, 

I979X 

Earthquakes  that  occur  on  the  Kealakekua  and  Hilina  fault 
systems  are,  in  large  part,  the  result  of  gravitational  sliding  of  parts 
of  the  volcanic  edifices  toward  the  sea.  In  these  areas,  there  is  no 
adjoining  volcano  to  provide  a buttress  against  such  sliding:  thus, 
when  the  volcano  is  overinflated  (as  Mauna  Loa  was  in  the  aftermath 
of  the  great  1950  eruption  and  as  the  east  rift  zone  of  Kilauea  was 
by  the  end  of  the  1969- 1974  Mauna  Ulu  eruption X a condition  of 
accumulated  strain  analogous  to  overstcepening  results  in  failure  of 
the  volcanos  flank  (Swanson  and  others,  1976a). 

Large  earthquakes  in  the  Kaoiki  region  probably  are  largely 
the  result  of  inflation  of  the  summit  region  and  upper  northeast  rift 
zone  of  Mauna  Loa.  Here  the  strain  release  is  accommodated  by 
stnkr-slip  faulting  (Endo,  1985)  rather  than  by  normal  faulting, 
because  the  presence  of  Kilauea  provides  a buttress  resisting  down* 
ward  slippage  of  Mauna  Lot's  southeast  flank. 


Large  fault  scarps,  as  high  as  about  300  m,  are  the  major 
surface  expression  of  repeated  faulting  along  the  Hilina  and  Kea- 
lakekua systems.  The  Kaoiki  system  consists  of  upper  and  lower 
parts.  The  lower  part  is  inactive  seismically,  and  fault  scarps  there 
have  been  buried  by  lava  flows  as  old  as  9 ka  (Lipman,  1980).  The 
upper  part,  where  modem  seismicity  is  concentrated,  is  charac- 
terized by  extensive  ground  cracking,  but  fault  scarps  of  large 
displacement  are  absent  (Endo,  1985). 

TSUNAMIS 

Tsunamis  (seismic-induced  sea  waves)  are  the  most  dangerous 
and  destructive  natural  hazards  that  affect  Hawaii  and  its  residents. 
Hawaiian  tsunamis  usually  are  caused  by  earthquakes  of  local  or 
circum- Pacific  origin  that  displace  the  ocean  bottom:  this  displace- 
ment in  turn  generates  a wave  in  the  overlying  water.  These  low- 
amplitude  waves  travel  at  speeds  of  several  hundred  kilometers  per 
hour  in  deep  ocean,  but  when  they  approach  land  masses  they  are 
slowed  and  build  up  to  heights  of  many  meters.  The  greatest 
recorded  height  of  a wave  striking  the  Island  of  Hawaii  was  16.8  m 
at  the  mouth  of  Pololu  Valley  in  1946,  although  greater  (but 
unmeasured)  heights  may  have  been  reached  in  1868  and  at  other 
times  (Macdonald  and  others,  1983} 

Tsunamis  that  have  struck  Hawaii  since  1819  are  listed  in  table 
7.7.  The  average  interval  between  tsunamis  has  been  about  five 
years,  but  the  average  interval  separating  the  seven  that  have  caused 
: severe  damage  has  been  about  22  years.  However,  their  recurrence 
j interval  has  no  regular  pattern. 


Table  7.7.  — Principal  tumamis  obten*d  in  Hauxui  during  hiiiorkal  time 

| Ad*ptr<J  fro*» 

Macdonald  and  odao,  1947, 

1983] 

Due 

Source 

Damage  in  Hawaii 

1819,  April  12 

Unknown 

Unknown 

1837,  November  7 

South  America 

SEVERE 

1841,  May  17 

Kamchatka 

Slight 

SEVERE 

1868,  April  2 

Hawaii 

1868,  August  13 

South  America 

SEVERE 

1869,  July  25 

South  America  (?) 

Moderate 

1872,  August  23 

Hawaii 

Slight 

1877,  May  10 

South  .America 

SEVERE 

1883,  August  26 

Hut  Indies 

Slight 

1896,  June  IS 

Japan 

None 

1901,  August  9 

npm  (?) 

None 

1906,  January  31 

Unknown 

None 

1906,  August  16 

South  America 

Slight 

1918,  September  7 

Kamchatka 

Slight 

1919,  April  30 

Unknown 

None 

1922,  November  1 1 

South  America 

None 

1923,  February  3 

Kamchatka 

Moderate 

1923,  April  13 

Kamchatka 

None 

1927,  November  4 

California 

None 

1927,  December  28 

Kamchatka 

None 

1928,  June  16 

Mexico 

None 

1929,  March  6 

Aleutian  Islands 

None 

1931,  October  3 

Solomon  Islands 

None 

1933,  March  2 
1938,  November  10 

Jaftin 

Alaska 

Slight 

None 

1944,  December  7 

Japan 

Aleutian  Islands 

None 

1946,  April  1 

SEVERE 

1952,  November  4 

Kamchatka 

Slight 

1957,  March  9 

Aleutian  Islands 

Shaht 

I960,  May  22 

South  America 

SEVERE 

1964,  .March  28 

Alaska 

None 

1975,  November  29 

Hawaii 

SEVERE 
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The  effects  of  tsunamis  are  not  likely  to  be  preserved  in  the 
geologic  record  for  very  long.  Vegetation  generally  grows  rapidly  in 
Hawaii  and  would  mask  debris.  Boulders  are  thrown  up  on  the  tops 
of  low  sea  cliffs  also  by  severe  storms,  and  these  would  be 
indistinguishable  from  those  washed  up  by  tsunamis.  Deep  narrow 
canyons  (Polohi,  Laupahoehoe)  on  the  northeastern  coast,  which 
are  most  vulnerable  to  severe  tsunami  damage,  are  rapidly  filled  with 
new  fluvial  sediments.  On  the  other  hand,  Moore  and  Moore 
(1984)  interpreted  a widespread  gravel  on  Lanai.  Maui,  and 
northwest  Hawaii  as  a deposit  from  a giant  wave,  possibly  gener- 
ated by  a submarine  landslide  south  of  Lanai  dating  from  about  100 
ka.  This  event,  however,  was  much  larger  and  rarer  than  ordinary 
tsunamis. 

FUTURE  DEVELOPMENT 

KOHALA 

Kohaia  Volcano  is  generally  considered  extinct,  because  its  last 
known  eruption  occurred  at  about  60  ka  (McDougall  and  Swanson, 
1972).  However,  renewed  volcanism  on  other  Hawaiian  volcanoes 
has  begun  one  million  or  more  years  after  cessation  of  aikaiic  cap 
activity  (Clague  and  Dalrymple,  chapter  1 , part  I).  Future  erup- 
tions of  Kohaia  thus  are  possible;  they  might  be  aikaiic  basaltic, 
basamtic,  or  nephelinitic  in  composition. 

Erosion  is  probably  the  major  geologic  process  that  will  affect 
Kohaia  in  the  future.  Unless  parts  are  rebuilt  by  renewed  volcanic 
activity,  sustained  fluvial  and  coastal  erosion  for  millions  of  years  will 
wear  Kohaia  down  to  sea  level.  If  regional  subsidence  continues  in 
the  future  as  it  has  in  the  past  (Moore,  chapter  2X  subsidence  will 
supplement  the  erosion  process.  Kohaia  will  become  a separate 
island  long  before  it  is  leveled  by  erosion,  if  subsidence  causes  the 
saddle  between  it  and  Mauna  Kea  to  be  submerged. 

MAUNA  KEA 

Mauna  Kea  may  well  erupt  again,  since  it  has  been  only  about 
4,500  years  since  it  last  erupted  (Porter  and  others,  1977)  The 
next  eruptions  may  be  similar  in  composition  to  the  most  recent 
(hawaiiteX  although  it  is  possible  that  mugearite,  benmoreite,  or 
trachyte  will  appear  in  the  future.  Mauna  Kea  is  still  considered  to 
be  tn  the  capping  stage  (3)  although  unless  additional  eruptions  of 
aikaiic  rocks  occur,  it  will  have  quietly  completed  the  transition  to  the 
erosional  stage  (4X 

As  on  Kohaia,  erosion  will  be  the  major  geologic  process 
occurring  on  Mauna  Kea.  Over  the  next  few  millions  of  years, 
erosion  and  subsidence  probably  will  reduce  the  volcano  to  sea  level. 

HUALALAI 

The  average  recurrence  interval  for  eruptions  of  Hualalai  in  the 
Holocene  has  been  about  50  yr  (200  events  in  10,000  yrX  but 
dusters  of  eruptions  separated  by  gaps  of  hundreds  of  years  have 
apparently  occurred.  A few  satellitic  shields  that  probably  took 
several  years  to  form  are  present.  Most  of  tbc  recent  eruptions  have 
been  of  high  volume  (>0.25  km3).  Phreatic  explosions  have 


occurred  at  two  vents  within  the  past  700  years;  the  products  of  one 
covered  an  area  of  at  least  10  km2.  Eruptions  since  at  least  100  ka 
have  been  exclusively  of  alkali  olivine  basalt  and  its  differentiates;  no 
major  change  in  chemical  composition  is  expected  for  tens  of 
thousands  of  years.  Perhaps  in  hundreds  of  thousands  of  years 
Hualalai  will  erupt  basanite  and  (or)  nephelinite.  An  intense  swarm 
of  earthquakes  beneath  Hualalai  in  1929  is  believed  to  have  been 
associated  with  underground  movement  of  magma  (Macdonald  and 
Abbott,  1970,  p.  53-54X  and  the  volcano  may  have  been  close  to 
having  an  eruption  (Moore  and  others,  chapter  20X  Since  1929, 
however,  neither  ground  deformation  nor  swarms  of  earthquakes 
have  been  detected  on  Hualalai,  so  it  cannot  be  estimated  when  the 
next  magmatic  activity  will  occur. 

Hualalai  is  virtually  undissected,  although  a few  intermittent 
streams  are  subject  to  flash  flooding.  Heavy  rain  in  1980  and  1981 
resulted  in  deposition  of  several  hundred  cubic  meters  of  debns  in 
alluvial  fans  near  the  summit  and  downcutting  of  gullies  by  as  much 
as  5 m.  On  the  southwest  flank  of  the  volcano,  gullying  locally 
occurs  on  flows  that  are  relatively  old  (13-5  ka)  The  surface 
renewal  rale  (18  km2  per  100  yr  for  the  last  3,000  yr)  suggests  that 
erosion  will  not  have  a pronounced  effect  on  Hualalai*  morphology 
for  a long  time,  possibly  tens  of  thousands  of  years. 

MAUNA  LOA 

Mauna  Loa  has  been  active  about  6 percent  of  the  time  since 
1835,  and  a similar  rate  of  activity  likely  will  continue  in  the 
foreseeable  future.  Mauna  Loa  has  erupted  an  average  of  2.9  km3 
of  lava  per  century  during  historical  time,  and  most  of  its  surface  is 
younger  than  4 ka  (Lockwood  and  Lipman,  chapter  I8X  Historical 
Mauna  Loa  eruptions  have  ranged  in  duration  from  a few  hours  to 
450  days,  and  future  eruptions  from  the  summit,  rift  zones,  and 
north  and  west  flanks  probably  will  be  similar.  Mauna  Loa  does  not 
seem  to  build  satellitic  shields,  in  contrast  to  Kilauea.  In  view  of  the 
prevailing  rate  of  crustal  subsidence  (Moore,  chapter  2X  it  seems 
unlikely  that  the  height  of  Mauna  Loa  above  sea  level  will  increase 
much  more  than  a few  tens  or  hundreds  of  meters;  however,  repeated 
filling  and  collapse  of  Mokuawcoweo  Crater  seems  likely  to  occur. 

If  Mauna  Loa  follows  the  pattern  of  most  other  Hawaiian 
volcanoes,  thousands  to  hundreds  of  thousands  of  years  in  the  future, 
it  will  erupt  aikaiic  basalts  and  their  differentiates.  As  noted  earlier, 

Ia  few  basalts  of  Mauna  Loa  already  appear  to  be  transitional  in 
their  chemical  composition. 

Mauna  Loa  is  nearly  undissected;  until  the  output  of  the 
volcano  decreases  markedly,  erosion  will  have  negligible  effect  on  its 
constructional  landforms. 

KILAUEA 

Kilauea  has  been  active  about  60  percent  of  historical  time  and 
has  (xtruded  more  than  1.2  km3  of  tholeutic  basalt  since  1952. 
Three  satellitic  shields  have  formed  during  this  century,  and  two 
others  during  the  past  few  hundred  years.  In  contrast  to  Mauna 
Loa,  Kilauea  has  sustained  long  term  eruptions  (al  least  5 years) 
Magma  will  continue  to  be  stored  in  its  rift  zones,  where  it  will 
differentiate;  perhaps  more  differentiates  as  extreme  as  the  Yellow 
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Cone  scoria  will  form  and  be  erupted.  Eventually,  basalts  more 
transitional  in  composition  will  be  erupted,  although  Kilauea  seems 
unlikely  to  erupt  alkaJic  rocks  until  its  present  rate  of  magma 
production  declines.  That  may  be  hundreds  of  thousands  of  years  in 
the  future. 

Kilauea  also  is  little  eroded,  although  a few  intermittent 
streams  flood  during  heavy  rains.  Kilauea  s historical  output  of  about 
2.2  km3/IOO  yr  seems  likely  to  ensure  that  its  surface  will  be 
frequently  renewed;  at  present,  90  percent  of  its  surface  is  younger 
than  l.l  ka  (Holcomb,  chapter  12). 

LOIHI 

If  Loihi  erupts  in  the  future  at  a rate  comparable  to  those  of 
Kilauea  and  Mauna  Loa,  its  summit  will  reach  the  oceans  surface  in 
a few  tens  of  thousands  of  years.  Moore  and  others  (1982)  suggested 
that  Loihi  has  been  or  may  soon  begin  erupting  tholeiitic  basalt 
exclusively  as  the  amount  of  partial  melting  of  the  mantle  source 
increases.  If  it  reaches  sea  level,  it  will  initially  form  a separate 
island,  but  if  eruptions  continue,  it  could  ultimately  be  joined  with 
Hawaii.  Loihi  likely  will  follow  the  same  eruptive  pattern  as  other 
volcanoes  along  the  island  chain. 
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HAWAII:  THE  VIEW  FROM  SPACE 

By  George  E.  Ulrich,  Peter  J.  Mouginis-Mark,1  and  Jo-Ann  Bowell 


ABSTRACT 

Aerial  portrayal  of  Hawaii  baa  advanced  dramatically  in  the 
20th  century  through  the  use  of  aircraft,  mapping  cameras,  and 
photogrammetric  instruments.  In  the  put  two  decades.  Earth- 
orbiting  spacecraft  have  added  new  dimensions  to  the  study  of 
Hawaii’s  volcanoes,  including  synoptic  views  of  all  or  most  of 
the  Island  of  Hawaii  from  hundreds  of  kilometers  above  the 
surface  and  repetitive  coverage  from  automated  satellites  that 
record  changes  on  the  Earths  surface  with  time. 

Astronaut  crews  in  Apollo,  Sky  lab,  and  Shuttle  spacecraft 
have  taken  valuable  photographs  of  short-lived  events  such  as 
the  1983-84  eruptions  on  Kilauea  and  Mauna  Loa.  Landsat 
satellites  have  provided  several  digital  images  of  high  quality, 
and  improved  sensors  now  in  use  on  Landsat  for  many  parts  of 
the  world  may  be  transmitting  pictures  of  Hawaii  in  the  near 
future.  MuhispectraJ  scanners  and  a synthetic  aperture  radar 
system  have  been  used  on  recent  Shuttle  missions  and  have 
provided  digital  images  showing  subtle  volcanic  features  and 
even  textural  differences  between  lava  flows  from  orbital 
altitudes  of  230  to  290  km.  Radar  is  particularly  attractive  for 
Hawaiian  volcanoes  because  it  is  independent  of  surface 
illumination  and  weather  and  thus  is  useful  day  or  night  and  in 
cloud-covered  areas.  Experimentation  during  the  next  several 
years  on  the  Space  Shuttle  flights  will  improve  present  coverage 
even  more  as  new  improved  methods  continue  to  be  developed. 

INTRODUCTION 

Since  man  first  arrived  in  the  Hawaiian  Islands,  his  under- 
standing of  them  has  progressed,  along  with  his  technology,  to  new 
and  improved  perspectives.  Early  Polynesian  canoes  from  the 
Markesa  Islands  carried  the  first  humans  to  within  sight  of  the  broad 
volcanic  shields  and  eroded  seadiffs.  Their  view  from  the  sea — a 
profile  on  the  horizon  commonly  shrouded  in  clouds  and  mist — was 
a local  view,  constantly  changing  with  location  and  lighting.  Songs 
and  chants  were  the  basis  for  description  of  the  islands;  early 
cartographic  definition  was  very  unlike  the  accurate  maps  and  charts 
of  today. 

For  several  centuries  after  their  discovery,  the  islands  were 
charted  by  ships’  navigators  with  only  the  stars  and  Earths  magnetic 
field  as  control.  Early  maps  depended  on  the  artistic  talents  of  the 
mapmakers  while  onboard  ship  or,  as  likely  as  not,  back  in  their 
home  ports  of  Europe  and  America.  More  precise  definition  of  the 
land  was  achieved  when  surveyors  marked  points  at  the  shorelines, 
on  the  mountain  tops,  and  along  the  valleys  and  ridges  between 
Before  the  advent  of  modem  transportation,  these  surveys  were  , 


accomplished  only  with  tremendous  physical  effort  and  endurance, 
and  they  required  years  of  labor  to  complete. 

In  the  20th  century,  the  use  of  aircraft  and  aerial  photography 
has  revolutionized  the  cartographic  profession.  The  birdseye  view  of 
the  Hawaiian  Islands  could  be  recorded  on  61m  at  selected  scales 
and  over  large  areas  in  several  days  of  flying.  These  photographs 
were  then  systematically  converted  by  photogrammetric  methods  to 
accurate  topographic  maps,  as  a basis  for  displaying  present  and 
future  use  of  the  land,  and,  on  the  Island  of  Hawaii  for  frequent 
revision,  showing  new  volcanic  deposits  as  they  occurred. 

In  the  last  two  decades,  the  mapping  of  Hawaii  has  been  both 
a stimulus  to  and  a beneficiary  of  space  exploration.  The  volcanic 
history  and  landforms  of  Hawaii  have  served  as  analogs  for  the  study 
of  similar  features  on  other  planets.  For  example,  a comparison  with 
analogous  features  on  Mars  was  the  basis  for  presenting  the  many 
excellent  examples  of  oblique  and  vertical  photographic  views  of  the 
volcanic  shields  of  Hawaii  by  Greeley  (1974)  and  Carr  and  Greeley 
(I960).  These  photographs  were  taken  between  1942  and  1975 
from  various  altitudes,  none  of  which  approached  orbital  heights. 

In  spite  of  the  tremendous  advances  in  mapping  accuracy  made 
possible  by  aenal  photography,  drawbacks  remain.  Many  standard 
aerial  photographs  are  required  to  cover  the  island.  The  distortion 
introduced  by  terrain  relief  and  the  inability  of  aircraft  to  remain 
perfectly  horizontal  preclude  the  use  of  these  photographs  as  accu- 
rate planimetnc  maps.  Stereoscopic  models  of  overlapping  pho- 
tographs permit  precise  three-dimensional  contour  mapping,  but  the 
numerous  models  required  are  expensive  and  consume  many  months 
of  labor. 

The  view  from  space  adds  a totally  new  perspective  to  the 
utility  of  aenal  photography.  If  there  is  a single  most  important 
aspect  of  images  taken  from  Earth  orbit,  it  is  probably  the  synoptic 
view  it  offers,  namely  the  broad  view  of  a Urge  part  of  the  Earths 
surface  at  one  moment  m time.  Though  standard  aerial  photographs 
provide  high- resolution  coverage,  they  are  necessarily  limited  in  the 
size  of  the  area  shown;  the  view  from  space  is  valuable  tn  its 
instantaneous  portrayal  of  a much  larger  area  albeit  in  less  detail.  A 
second  important  aspect  of  space  images,  the  possibility  of  repeated 
coverage  on  subsequent  orbits,  has  many  useful  applications.  A 
sequence  of  photographs  or  digital  pictures  of  phenomena  that 
change  with  lime  intervals  of  days,  months,  or  years  can  be 
produced  at  relatively  low  cost,  once  the  spacecraft  is  available. 
Obvious  examples  are  volcanic  eruptions,  weather  systems,  forest 
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fires,  and  agricultural  conditions.  Furthermore,  special  spec- 
trometers can  also  view  large  areas  in  both  the  visible  and  infrared 
wavelengths  to  scan  for  zones  of  surface  alteration,  permitting 
concentrations  of  economically  important  minerals  or  potential  geo- 
thermal resources  to  be  identified. 

The  purpose  of  this  paper  is  threefold:  ( I ) to  demonstrate  some 
applications  of  space  images  for  the  improvement  of  existing  maps; 
(2)  to  illustrate  some  aspects  of  the  geology  and  structure  of  the 
Island  of  Hawaii,  using  a few  examples  of  available  photographs, 
satellite  images,  and  radar  data;  and  (3)  to  provide  a selective  listing 
of  the  better  images  available  for  the  Hawaiian  Island  chain.  Tables 
8. 1 and  8.2  list  those  images  considered  most  useful  based  on 
minimum  cloud  coverage,  geologic  interest,  and  availabilty  from  the 
Earth  Resources  Observation  Systems  (EROS)  Data  Center  as  of 
this  writing. 
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APOLLO,  SKYLAB,  AND  SHUTTLE 
PHOTOGRAPHY 

Early  photographs  of  Hawaii  from  space,  taken  on  the  Apollo 
9 mission  in  March  1 969,  formed  a panoramic  series  of  four  oblique 
views  showing  mostly  clouds  and  were  published  as  a mosaic  in 
DdrympJe  and  others  (1973X  One  of  the  better  photographs  of  the 
island  was  taken  from  the  Skylab  spacecraft  at  an  altitude  of  435  km 


(270  mi;  see  figure  8. 1 X This  vertical  view  provided  an  excellent 
cartographic  delineation  of  the  islands  shoreline.  More  recent 
photographs,  from  the  Space  Shuttle  missions  since  1983.  have 
normally  been  taken  from  lower  altitudes  (230-300  km;  143-186 
miX  although  Shuttle  mission  41 -C  in  April  1984  returned  pho- 
tographs from  orbits  as  high  as  500  km  (310  miX 

AH  photographs  cited  were  taken  with  hand-held  NASA- 
modified  cameras,  primarily  the  Hassdblad  500  EL/M,  using  70- 
tnm  (2.75-in)  Kodak  Ektachrome  film.  Advantages  in  the  use  of 
hand-held  cameras  to  view  the  Earth  include  the  ability  to  point  the 
lens  at  targets  of  opportunity  and  the  flexibility  to  interchange  lenses 
of  different  focal  lengths.  A majority  of  the  hand-held  photographs 
of  Hawaii  taken  from  space  to  dale  have  been  taken  through  a 
telephoto  lens  (see  table  8. 1 X The  nominal  ground  resolution  from  a 
typical  Space  Shuttle  altitude  (284  km;  177  mi)  using  a 250-mm 
focal-length  lens  is  about  25  m;  the  resolution  using  a 100-mm  lens  is 
about  60  m (Mohler,  I983X  An  example  of  a telephoto  view  of 
Mauna  Loa  Volcanos  summit  caldera  and  most  of  its  two  rift  zones 
is  shown  in  figure  8.2  for  comparison  with  the  wider  angle  view  of 
I figure  8.3. 

The  documentation  of  volcanic  activity  during  and  following  an 
eruption  is  an  obvious  application  of  remote- sensing  techniques  on 
Hawaii.  The  beginning  of  the  March- April  1984  eruption  of 
Mauna  Loa  was  precisely  marked  by  a thermal  sensor  on  a military 
satellite.  On  the  shorter,  manned  Space  Shuttle  missions,  special 
events  can  be  targeted  for  photographic  coverage,  but  the  combined 
requirements  of  timing  and  good  visibility  are  largely  a matter  of  luck 
and  perseverance  on  the  part  of  the  flight  crews.  One  such  oppor- 
tunity permitted  the  plumes  from  the  Mauna  Loa  eruption  of  1984 
to  be  photographed  on  four  different  days  (table  8. 1 ; fig.  8.3X  Less 
prominent  but  quite  visible  was  the  plume  from  an  eruption  on 
Kiiauea  Volcano  in  late  1983  (fig.  6.4X 

Perhaps  the  most  photogenic  of  the  five  shield  volcanoes  on  the 
Island  of  Hawaii  is  Mauna  Kea,  the  most  cited  example  of  a 
tholeiitic  shield  capped  by  alkalic  cones  and  flows  in  its  later  stages 
of  development.  The  distribution  of  cinder  cones  on  the  summit  and 
flanks  of  this  symmetrical  shield  are  shown  in  figure  8.5.  The 
diversion  of  younger  lava  flows  from  Mauna  Loa  to  the  east  and 
west  around  the  base  of  Mauna  Kea  is  also  illustrated. 


TABLt  8.1. — Selected  photographs  of  the  Hawaiian  Island  chain  taken  by  Gemini , Apollo.  Skylab.  and  Space  Shuttle  missions 

(0*1*  for  Shuttle  nu»t*in»  err  taken  meinlv  from  NASA  dootfmU  <Now*kow*ki.  IVIM* , b.  Poirm-r,  IUM.  end  Nowakowtki  and  Palmer,  1S441  but  are  mixliftcd  where  mure  information 
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Goud  patterns  and  ocean  roughness  are  remarkably  well 
portrayed  in  the  synoptic  view  from  space.  The  typical  cloud  pile-up 
on  the  windward  side  of  Hawaii  in  contrast  with  the  open  sky  and 
smoother  ocean  surface  on  the  leeward  or  Kona  side  (fig.  8.6) 
produces  the  illusion  of  an  island  sailing  northeastward  across  the 
Pacific.  The  disturbance  of  windftow  (orographic  effect)  across  and 
around  the  five  volcanic  shields  provides  a fruitful  area  of  research 
for  atmospheric  scientists. 


LANDSAT  AND  OTHER  MULTISPECTRAL 
SATELLITE  IMAGES 

Digital  images  transmitted  from  Landsat,  originally  called 
Earth  Resources  Technology  Satellite  (or  EKTSX  provide  repetitive 
coverage  of  the  Earth  from  polar  orbit  using  a scanner  system  that 
includes  spectral  bands  from  near  infrared  through  the  visible 
wavelengths.  Landsats  I*  2.  and  3 recorded  scenes  of  Hawaii  on 
four  bands  over  the  wavelength  range  of  0. 5 to  I . I microns.  A 
typical  image  is  approximately  1 85  km  ( 1 1 5 mi)  on  each  side  and 
has  a nominal  resolution  per  picture  element  (pixel)  of  80  m (Short 
and  others,  1976).  The  amount  of  area  included  within  Landsat 
images  compared  with  photographs  taken  on  Skylab  and  Shuttle 
missions  is  shown  in  figure  8.7. 

In  comparison  with  photographs  taken  from  aircraft  and 
manned  spacecraft,  the  shortcomings  of  digital  images  from  satellites 
are  mainly  their  lower  spatial  resolution,  their  rigid  format  and 
direction  of  view,  and  the  acquisition  of  data  at  only  one  lighting 
geometry  (due  to  the  sun-synchronous  nature  of  the  Landsat  orbits; 
Short  and  others,  I976X  The  advantages  of  digital  images  recorded 
by  satellites  are:  (1)  they  cover  larger  areas,  (2)  they  have  uniform 
resolution  across  the  entire  image,  and  (3)  they  include  various 
spectral  hands  that  can  be  filtered  or  enhanced  after  the  image  is 
recorded  to  delete  atmospheric  haze  or  to  emphasize  the  surface 
distribution  of  different  natural  materials.  In  contrast,  improvements 
to  aerial  photographs  are  normally  made  as  the  pictures  are  taken, 
requiring  extensive  experience  and  know-how.  Corrections  for  haze, 
color,  and  lighting  are  difficult  to  apply  in  the  photographic  labora- 
tory, but  are  generally  possible  for  digital  images  via  computer 
processing. 

Image  processing  and  enhancement  of  digital  scenes  such  as 
from  Landsat  can  be  helpful  in  geologic  interpretation  and  illustra- 
tion of  regional  features  on  Earth  as  well  as  other  planets.  The 
Landsat  scene  shown  in  figure  8.8  was  recorded  in  1978.  Other 
scenes  (until  late  1978;  table  8.2)  can  be  purchased  from  EROS  in 
several  formats.  Repetitive  overflights  could  eventually  make  it 
possible  to  acquire  near-perfect  images  of  the  entire  island  chain, 
although  the  current  spacecraft  configuration  prohibits  the  transmis- 
sion of  new  images  from  Landsats  4 and  5. 

Cartographic  applications  of  Landsat  data  require  that  scenes 
be  fitted  to  standard  map  projections  and  existing  map  products. 
Figure  8.8  has  been  geometrically  adjusted  to  the  universal  trans- 
verse mercalor  projection,  and  the  red  and  green  color  bands  have 
been  combined  with  an  artificially  generated  blue  band  to  create  a 
simulated  true-color  rendition  of  Hawaii  as  described  by  Eliason  I 


and  others  ( 1 974)  Landsat  scenes  can  be  modified  by  computer  to 
increase  their  interpretability.  One  example  is  the  superposition  of 
the  scene  on  a digital  elevation  model  (obtained  from  the  U.S. 
Defense  Mapping  Agency)  derived  from  the  1 :250,000-scaJe  map 
senes.  The  registration  procedure,  whereby  every  pixel  of  the  image 
is  assigned  a corresponding  elevation  value,  is  the  most  labor- 
intensive  part  of  this  technique. 

The  composite  data  set  thus  produced  can  be  digitally  rotated 
to  an  oblique  aerial  view.  The  vertical  exaggeration,  the  vertical 
angle  of  the  perspective  view,  and  the  look-azimuth  desired  can  all 
be  adjusted  by  an  analyst  for  maximum  interpretability.  We  chose 
the  northwestward  view  shown  in  figure  8.9  to  look  across  the  rift 
structures  of  Mauna  Loa  and  Kilauea  Volcanoes.  If  one  wanted  to 
look  for  subtle  structures  (for  example,  parallel  to  a rift  zoneX  the 
down-structure  view  could  be  generated  just  as  easily.  A three-times 
vertical  exaggeration  appears  to  best  illustrate  the  relief  of  the 
volcanoes  in  this  case.  An  additional  processing  technique,  not 
developed  in  time  for  this  report,  is  the  removal  of  cloud  cover  from 
the  image  while  retaining  the  terrain  information  from  the  elevation 
model.  This  effect  can  be  created  by  digitally  stenciling  out  the  white 
pixels  in  the  scene  and  replacing  them  with  a digital  shading  of  the 
elevation  model. 

A further  enhancement  of  the  oblique  aerial  view  could  include 
a second  oblique  view — slightly  offset  in  azimuth  but  with  other 
variables  held  constant — to  provide  a stereo  pair.  An  example  of 
this  technique  for  another  volcanic  area  is  illustrated  elsewhere 
(Anonymous,  1984a,  1984bX  Subtle  structures  such  as  shallow 
craters  and  small  cones  and  shields  can  be  more  easily  recognized 
and  interpreted  in  the  stereoscopic  view. 

Unfortunately  the  number  of  geologically  useful  Landsat 
images  of  Hawaii  is  small  due  to  the  frequent  canopy  of  clouds  that 
cover  much  of  the  island.  The  Thematic  Mappers  on  Landsats  4 
and  5 have  better  spectral  and  spatial  resolution  than  any  previous 
Landsat.  These  spacecraft  do  not  carry  tape  recorders,  however, 
and  the  only  areas  on  the  Earths  surface  that  can  be  acquired  are 
those  in  direct  line  of  sight  with  a receiving  station.  As  of  this  writing 
(1983)  and  because  of  the  inability  to  record,  there  are  no  images  of 
Hawaii  yet  available  from  these  spacecraft  (Landsats  4 or  5X  This 
problem  may  be  resolved  when  a tracking  and  dala-relay  satellite 
(TDRS-west)  is  launched  in  the  near  future.  (Note:  The  TDRS 
satellite  was  lost  in  the  shuttle  Challenger  accident  in  1 986,  and  its 
replacement  and  launching  will  be  significantly  delayed.  Until  that 
time,  new  Landsat  images  for  the  Hawaiian  Islands  will  not  be 
available.) 

While  Landsat  is  an  established  standard  for  orbital-digital 
images  of  the  Earth,  other  sensors  are  under  development,  many  of 
them  using  the  Space  Shuttle  as  a platform.  One  such  experiment, 
the  German  MOMS -I  (Modular  Optoelectronic  Multispectral 
ScannerX  was  flown  on  the  Shuttle  in  February  1 984  and  recorded 
the  image  of  Hawaii  reproduced  in  figure  8.10.  The  image  has  a 
spatial  resolution  of  approximately  20  m in  two  spectral  channels 
(0.60  and  0.90  micronsX  sufficient  to  identify  features  such  as  the 
new  lava  flows  of  the  1983-85  east-rift  eruptions  on  Kilauea. 
Obvious  applications  for  these  images  lie  in  their  potential  for 
mapping  recent  eruption  areas,  portraying  patterns  of  flow  dislribu- 
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Table  8.2. — Sriecta/  Land  sat  scenes  of  the  Island  of  Hawaii 

(Images  and  photographs  listed  (an  he  purchased  from  EROS  Data  Center.  Sioua  Falls.  SD  57148] 
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Table  8.2. — Selected  lumdud  scenes  of  Ok  Island  of  Hanoi — ContWlI 
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tion,  and  measuring  areas  covered  by  new  lava  flows  (compare  figs. 
8. 1 OB  and  8.100 

RADAR  IMAGES 

Additional  studies  of  part  of  Kiiauea  Volcano  from  space  have 
been  conducted  using  an  imaging  radar  system  (SIR-B)  that  was 
flown  on  board  the  Shuttle  in  October  1984.  Data  were  acquired 
across  the  southeastern  part  of  the  Island  of  Hawaii,  extending  from 
South  Point,  across  Kiiauea  caldera  to  Hilo  Bay  (fig.  8. 1 IX 

The  SIR-B  radar  operated  at  a wavelength  of  23  cm, 
complementing  information  gained  at  visible  and  near  infrared 
wavelengths  by  Landsat  and  MOMS- 1 . It  was  similar  to  the 
synthetic  aperture  radars  flown  on  the  Seasat  satellite  in  1978 
described  by  Elachi  (1980X  and  the  Shuttle  Imaging  Radar  (SIR- 
A)  experiment  flown  on  the  Space  Shuttle  in  1981  (Elachi  and 
others,  I982X 

However,  unlike  these  earlier  orbital  radar  systems,  SIR-B 
had  the  capability  to  vary  the  angle  at  which  the  radar  beam 
encountered  the  surface,  and  obtained  images  of  Hawaii  at  incidence 
angles  of  28  and  48  degrees.  Because  orbital  radars  provide  their 
own  illuminating  energy  and  are  capable  of  penetrating  clouds,  they 
can  provide  useful  images  at  all  times  (day  or  night)  as  well  as  in 
areas  of  frequently  poor  weather,  such  as  Kilaueas  east  rift  zone. 
Because  of  the  choice  of  spacecraft  orbits  and  the  short  duration  (8 
days)  of  the  mission,  only  two  SIR-B  radar  images  (swath widths  of 
approximately  20  and  30  km  on  the  ground)  were  obtained  during 
the  Shuttle  flight.  More  complete  coverage  is  anticipated  on  the 
reflight  of  the  SIR-B  experiment  (SIR-B')  scheduled  for  early 
1987. 

Radar  images  display,  in  part,  variations  in  surface  roughness 
at  a scale  of  a few  centimeters  to  a few  decimeters  with  a pixel  size  of 
about  1 5-20  meters,  and  many  of  the  individual  pit  craters  and  lava 
flows  can  be  recognized  within  the  national  park  (fig.  8. 1 2X  In 
particular,  variations  in  the  surface  lecture  of  lava  flows  is  clearly 
seen  in  the  SIR-B  images.  Two  examples  are  identified  in  figure 
8.12;  the  December  1974  lava  flow  and  the  multiple  flows  within 
Kiiauea  caldera  show  diverse  radar  backsc alter  properties.  The 
December  1974  flow  erupted  as  pahoehoe  close  to  Kiiauea  caldera, 
but  at  a distance  of  approximately  5 km  from  the  vent  the  flow 
passed  through  the  transition  to  aa.  This  transition  (at  point  A in 
fig.  8.12)  is  indicated  by  an  increase  in  radar  brightness  associated 
with  the  greater  backsc  alter  from  the  rough  aa  surface.  In  com- 
parison, the  near- vent  pahoehoe  surface  produces  a dark  radar 
signal  because  of  its  smooth,  specular  surface. 

Kiiauea  caldera  provides  further  insights  into  the  capability  of 
the  SIR-B  radar  system  to  distinguish  between  different  surface 
materials.  The  caldera  rim  and  the  edge  of  Kiiauea  Iki  pit  crater  are 
distinctive  (B  in  fig.  8.12)  due  to  the  contrast  between  the  crater 
floor  (low  radar  return)  and  the  surrounding  rain  forest  (high  radar 
retumX  Less  obvious  are  the  September  1982  pahoehoe  flow  (C) 


and  other  pahoehoe  flows  within  the  caldera,  due  to  the  uniformly 
low  radar  returns  from  those  features  as  viewed  at  an  incidence  angle 
of  48  degrees. 

Such  a variation  in  the  radar  signature  of  the  different  flows  is 
attributed  to  the  decimeter-scale  roughness  of  the  lava  flow  surfaces. 
Similarly,  brightness  variations  around  Halemaumau  pit  crater  (D  in 
fig.  8.12)  are  attributed  to  variations  in  the  number  and  size  of 
boulders  (decimeters  to  meters  in  diameter)  scattered  across  the 
caldera  floor  during  the  1924  phreatic  eruption. 

SUMMARY 

Images  from  space  of  active  or  young  volcanic  areas  like 
Hawaii  provide  graphic  information  having  several  advantages  over 
typical  aerial  and  surface  photographs.  Considering  the  larger  areas 
covered  and  the  greater  applicability  erf  image-enhancement  tech- 
niques. views  from  Earth-orbital  altitudes  have  proved  to  be  a 
! relatively  economical  form  of  cartographic  data  having  significant 
value  for  the  earth  sciences.  Furthermore,  the  choice  of  spacebome 
sensor  (photography,  digital  multispcctral  images,  or  synthetic  aper- 
ture radar)  permits  different  physical  and  compositional  attributes  of 
the  Earths  surface  to  be  studied.  Thus  with  future  Space  Shuttle 
flights  and  the  orbiting  of  new  and  currently  planned  automated 
satellites  (having  names  like  TOPEX,  ERS-1 , SPOT-1,  and 
RadarsatX  the  volcanoes  of  Hawaii  will  come  under  more  detailed 
scrutiny  from  space  in  the  next  few  years. 
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Figure  8. 1.  — View  of  Island  of  Hawaii  taken  on  December  7.  1973,  during  Skylab  4 mission  from  altitude  of  about  435  km  (270  tm)  Snow  capped  summits  of  Mauna 
Loa(4,l70m;  1 3.677  ft:  center)  and  Mauna  Kea  (4.205  m:  I 3.7%  ft;  northeast)  are  40  km  (25  mi)  apart.  Reseau  crosses  provide  calibration  for  pbotogrammetnc 
applications.  (NASA  photograph  SL4-1 39-3997.  lens  focal  length,  100  mm) 
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0 5 10  KILOMETERS 

1  I I 

Fk.UKK  8.2. — Netr-Wlxil  v»ew  from  Space  Shuttle  of  Mauna  I jo*  Volcano  showing  Mokuaweowro  caldera  and  young  lava  llowi  from  northeast  and  southwest  nft 
(NASA  photograph  41  A— 31  - 101 7;  lens  focal  length.  250  mm;  November  19831 
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FIGURE  8,3. — Oblique  new  from  Space  Shuttle  of  Island  of  Hawaii  showing  eruption  plumrt  from  Mauna  Loa  or  April  7.  I%4.  twelve  days  a/lrr  Marl  of  eruption 
Higher  plume  (on  right ) u from  degassing  vent.  Ijowtt  plume  is  from  lava -producing  vent  (JP  Lockwood,  oral  racnenun  . 19851  Upper  parti  of  new  lava  flow*  are 
visible  as  they  move  toward  Hilo  Bay  (large  reentrant  on  lower  left  I Active  Sow  front  is  below  clouds,  lower  on  norlheast  nft . Often  present  cloud  bank  obscures 
noriheasl  nft  rone  of  Mauna  Loa  and  most  of  KiLauea  Volcano  to  left.  Mauna  Kra  Volcano  » m central  near  held.  View  southwest.  < NASA  photograph 

4IC-43-I539* 
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Ficukl  8.4. — Oblique  view  from  Space  Shuttle  of  Island  of  Hawaii,  including  Maun*  Loa  Volcano  (right  center X Kilauea  Voiem  and  plume  from  phase  12  eruption  of 
Pun  Go  on  the  east  rift  zone  (top  right,  arrow),  Mauna  Kra  Volcano  (left  of  center)  with  numerous  cinder  cones.  Kohala  Volcano  (left  edge),  and  Hualalai  Volcano 
(bottom  center,  partly  obscured  by  cloudsX  also  with  cinder  cones.  Note  many  young  (dark)  lava  Bows  from  Mauna  Loa  and  Hualalai  ihal  have  reached  North  Kona  and 
South  Kohala  coasts.  View  east.  (NASA  photograph  4IA-46-I84I.  November  30.  I983> 
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Figure  6.5.  — View  from  Space  Shuttle  of  Maun*  Kra,  thawing  distribution  of  alhabc  under  coder  capping  older  tholeulK  ihieki.  Young  (dark)  lava  flows  at  bottom  of 
photograph  are  from  Mauna  Loa.  (NASA  photograph  4IB-34-I565.  February  I984| 
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FIGURE  8.6.  — Oblique  View  cd  Hawaii  taken  from  Space  Shuttle  on  December  3,  1*163.  at  altitude  of  240  km  ( I SO  mil  Cloud  concentration  it  caused  by  northeasterly 
tradewmds  against  shield  volcanoes,  m contrast  to  clear  sky  and  cakn  sea a on  leeward  (Kona)  side  of  island  Difference  in  ocean-surface  texture  is  enhanced  by  sun 
illumination  with  respect  to  spacecraft.  View  southeast.  (NASA  photograph  4IA-35-I5961 


184* 

+ 


+ 
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FIGURE  8.7.  — Areas  covered  by  typical  Land  tat,  Sh>  lab.  and  Space  Shuttle 
scenes.  The  Skylab  and  Shuttle  footprints  are  foe  a Hastefblad  camera  at  akstudes 
of  435  km  (270  mi)  and  300  lun  (185  mi)  respectively 
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FlOURE  8.8.  — Composite  (.andsal  image  of  Island  of  Hawaii  recorded  on  January  7.  1978,  a!  altitude  of  about  9|  5 lun  ($70  mi).  Image  was  geometrically  corrected  and 
processed  to  simulate  true  color  by  U.S.  Geological  Surveys  Image  Process  mg  Facility  at  Flagstaff.  Aru  (Scene  identi  Station  numbers  821061 I93-S4X0  and  -60X0) 


FlGUKt  8.9.  — Landtal  image  (same  as  fig  8 8)  digitally  converted  to  oblique  view  looking  northwest  to  illustrate  Mauna  l-oa  and  kiiauea  basaltic  shields  Prepared  by 

U S.  Geological  Survey  Image  Processing  hacibty  at  Magstaff,  Aru 
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FIGURE  8. 10.  — Seme  of  eastern  Hawaii  from  Cjmuii  MOMS-  I experiment  on  Febnury  6,  IW4,  al  0910  H.U.  from  Space  Skulllr.  I -ava  flows  arc  from  F\m  Oo  vent 
(arrow  m d t Color  representation  for  two  channels  of  MOMS-  I instrument  is  based  on  image -enhancement  technique  using  HSI  display  mode  (hue,  saturation,  and 
intensity  shown  in  blue,  green,  and  red  channels  of  display  system)  Ratio  between  two  channels  (at  0 60  and  0.90  tracroraX  combined  with  the  HSI  display  mode, 
enhances  weak  variations  in  image  contrast.  White  features  are  clouds  A.  Northeast  quarter  of  original  scene.  B.  Enlarged  tubacene  <750  by  750  pixels)  of  Puu  Oo 
eruption  area.  C.  Eruption  area  (E.W  Wolfe,  mitten  com muri  ) showing  new  flows  through  episode  14  in  January  1984,  that  can  be  directly  compared  with  B. 
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FIGURE  8.10. — Continued. 
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FlCURE  8. 12.  — Radar  image  and  map  of  Kilauca  summit  are  a (»cc  bg  8. 1 1 for  location.  A,  Subscene  of  5IR-B  Data  Take  number  1 15.2,  acquired  al  incidence  angle  of 
48  degrees  Nominal  image  resolution  n approximately  20  mrters  per  pixel.  B,  Same  area  indicating  location  of  prormnrnt  lava  flow*,  crater*,  and  pall.  A.  transition 
from  aa  to  paboehoe  on  December  1974  lava  flan  . B.  Kilauea  Iki  pit  crater;  C.  September  1982  pahoeboe  flow*  where  low  radar  return*  are  evident;  D.  variations  in 
radar  bngfitnea*  around  Halemaumau  pit  crater  (dotted  laie)  are  attributed  to  spatial  variations  in  sue  and  number  of  boulders  ejected  onto  surrounding  terrain  by  1924 
phreatic  eruption  of  Halemaumau. 
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Figure  8. 12-  — Continued. 
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EFFECTS  OF  VOLCANIC  EMANATIONS  ON  CARBON-ISOTOPE  CONTENT 
OF  MODERN  PLANTS  NEAR  KILAUEA  VOLCANO 

By  Meyer  Rubin,  John  P.  Lockwood,  and  Irving  Friedman 


ABSTRACT 

Measurement  of  stable  and  unstable  carbon  isotopes  were 
made  on  growing  plants  at  various  distances  from  fumarolic 
volcanic  vents  on  the  Island  of  Hawaii.  Samples  of  C02  from 
volcanic  gas  vents  were  also  measured,  as  well  as  control 
samples  of  unaffected  atmosphere  and  plants.  Results  indicate 
that  the  proximity  of  the  sample  to  the  source  of  volcanic 
emanation  does  affect  the  l4C  concentration  as  anticipated,  but 
for  a variety  of  reasons  the  l3C/12C  ratio,  although  significantly 
altered,  does  not  relate  directly  to  14C  activity.  Depending  on 
how  dose  a plant  grows  to  fumaroles,  the  radiocarbon  age  can 
appear  to  be  1,400  years  too  old,  with  extremes  of  4,000  years 
not  unlikely. 


INTRODUCTION 

During  investigations  of  the  age  of  a pyroclastic  ash  on  Kilauea 
(the  mostly  A.  D.  1 790  Keanakakoi  Ash  Member  of  the  Puna  Basalt) 
using  buried  charcoal,  a negative  correlation  was  observed  between 
the  radiocarbon  age  and  the  collection  distance  from  the  caldera  (fig. 
9. 1 X In  order  to  test  whether  a ,5C/,2C  ratio  on  the  charcoal  could 
give  an  indication  of  how  much,  or  if  any,  non-radiogenic,  juvenile 
carbon  from  volcanic  vents  was  incorporated  in  the  plants  during 
growth,  a series  of  samples  was  collected  from  living  plants  at 
various  distances  from  active  vents  as  well  as  control  samples  that 
I could  not  have  incorporated  volcanic  CO2.  From  previous  work 


Figure  9 I Cubon-M  <m  dwtod  b™  ibe  mwily  A.D  1790  Krauluko.  Ad.  Member  of  0k-  B.uli ,» . bmawn  d Hoi*-"  f'om  ™» 
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Tabll  9.1. — Isotopic  composition  of  Hoxoaiian  plants 


Lab 

number 

Description 

613C 

PDB 

(In  permil)1 

1,c  - 
(percent  of  modern )c 

Apparent  age 
(in  ka)3 

W-5476 

Ohia14  leaves  from  living 
trees  overhanging  the  ocean 
on  the  windward  Hamakua 
coast,  Kukul  Point. 

-28.9 

124 

0 

W-5477 

Ohia  leaves  from  anomalous 
klpuka  south  of  Bird  Park. 

-24.5 

124 

0 

W-5474 

Ohia  leaves  from  Puhioau 
Thermal  Area. 

-25.8 

108 

1 .4 

V-5482 

Root  of  living  Ohia  tree  at 
edge  of  fumarole  at  margin 
of  Puhiaau  Thermal  Area. 

-26.3 

108 

1.4 

W-5480 

Fern*  growing  directly  in 
hot  steam  at  margin  of 
fumarole  at  Puhicnau  Thermal 
Area. 

-26.8 

82 

4.3 

3464-6 

Gas  sample,  Puhimau  vent. 

-3.0 

— 

— 

3464-7 

Gas  sample,  Halemaumau. 

-3.5 

— 

— 

W-1957 

Gas  sample.  Sulfur  Bank 
no.  2,  Kilauea  1966. 

“3.6 

.1 

>45 

W- 1 958 

Gas  sample.  Sulfur  Bank 
no.  1 . 

.0 

>45 

W-3983 

Gas  sample,  Sulfur  Bank, 
1971. 

.2 

>40 

W-3989 

Gas  sample,  1971  fissure, 
Kilauea. 

.5 

>40 

’cOj  from  samples  of  air  collected  weekly  for  u yr  on  Mauna  Loa  at  3»048  m elevation 
range  from  -7.1  to  -8.4  permil. 


«,3C 

PDB 


R sample 
R standard; 


1,000,  where  R » the  ratio  l3C/*^C. 


^Measured  in  comparison  to  the  National  Bureau  of  Standards  i960  oxalic  acid 
standard.  Modern  equals  95  percent  of  the  activity  of  this  standard, 
fusing  present-day  wood  activity  as  124  percent  of  modern. 

tdeAoA  pviymoxpha. 

^NtphtiolepA-Li  exaZtota. 


(Chatter*  and  others,  1969;  Sulerhitzky,  1970;  Libby  and  Libby,  1 
1972;  Panichi  and  Tongiorgi.  1975;  Michael,  1978;  Weinstein  and 
Betancourt,  1978;  Puchelt  and  Hubberten,  1979;  Bruns  and 
others,  I960;  Saupc  and  others,  1980),  juvenile  CO2  from  volcanic 
vents  was  found  to  be  “dead**  (contains  no  ,4CX  and  plants  growing 
immediately  adjacent  to  the  vents  could  give  anomalous  ages  as  much 
as  several  thousand  years  too  old.  What  was  not  known,  however.  [ 
was  whether  the  '*C  measurements  could  help  in  determining  j 
possible  old  carbon  contamination  m the  hundreds  of  previously 
dated  samples  from  Haw'au. 

METHODS 

Grab  samples  were  collected  of  living,  native  vegetation  grow 
ing  under  different  conditions  of  exposure  to  volcanic  gases,  from  the 


worst  case  of  ferns  growing  directly  in  the  hot  steam  of  a fumarole  to 
leaves  of  trees  overhanging  the  Hamakua  coast  bathed  in  the 
uncontaminated  northeast  trade  winds  (table  9. 1 \ Samples  were 
taken  of  first -year  leafy  growth  to  verify  that  the  biologically  fixed 
carbon  was  obtained  from  the  atmosphere  in  the  year  of  sampling 
(1983).  The  ,5C/,2C  measurements  were  made  in  Denver,  Colo- 
rado, on  an  aliquot  of  the  same  samples  that  were  dated  by  ,4C 
measurements  in  Rcston,  Virginia.  The  dried  plant  material  was 
oxidized  at  900  °C  and  the  purified  C02  was  analyzed  on  a 12-inch 
triple-collector  magnetic -sector  mass  spectrometer.  The  analytical 
precision  is  ±0.1  percent  (2  sigma).  All  ,3C/,2C  ratios  are 
reported  in  permil  relative  to  the  Peedee  belrmnite  (PDB)  stand- 
ard. A value  of  - 28. 1 permil  was  obtained  for  NBS-21  graph- 
ite. Hie  Sulfur  Bank  gas  samples  were  collected  in  1966  by  Bruce 
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Hanshaw  and  Meyer  Rubin  and  measured  by  the  same  methods. 
The  1971  gas  samples  were  collected  by  Meyer  Rubin  and  Elliott 
Spiker.  The  gas  for  ,4C  determinations  was  collected  by  absorption 
in  NaOH.  The  leaves,  collected  from  several  growing  plants  in  a 
localized  area,  were  only  given  a hot  water  wash  as  a pretreatment, 
then  counted  in  gas  proportional  counters  as  acetylene. 

DISCUSSION 

As  anticipated,  the  ,4C  data  show  the  dilution  effect  of  the 
“dead’*  C02  of  juvenile  volcanic  origin.  The  Sulfur  Bank  gas  has  a 
l4C  activity  of  juvenile  gas.  Within  our  background  error  of  ± I 
percent,  there  is  no  measurable  l4C.  The  gas  samples  from  Puhimau 
vent  and  Halemaumau  crater  as  well  as  from  Sulfur  Bank  and  the 
1971  fissure  have  81  *C  values  ranging  from  — 3.0  to  — 3.6  permil. 
Pure  air  has  a S’ HZ  of  approximately  —8 ±0.3  permil.  This  5 
permil  difference  between  the  pure  air  and  the  volcanic  gas  should 
show  up  in  the  8 l3C  of  the  leaves  if  the  plants  incorporated  the 
isotopicaliy  heavier  volcanic  gas.  The  Kilauea  samples  are  about  2 
permil  heavier  than  those  from  a tree  growing  on  the  seadiff  remote 
from  volcanic  C02.  If  40  percent  of  the  C02  assimilated  by  the 
plants  was  of  volcanic  origin,  we  would  expect  the  8' 3C  of  the  plant 
material  to  be  heavier  by  about  2 permil.  Inasmuch  as  Puhimau  gas 
contains  1 to  5 percent  C02  (L.P.  Greenland,  oral  conunun., 

1 985)  only  I percent  of  this  gas  mixed  with  99  percent  air  (0.035 
percent  C02)  could  account  for  this  change  in  8' HZ.  However,  the 
8*  3C  values  of  the  leaves  and  roots  are  probably  affected  by  factors 
such  as  moisture  availability  and  temperature  as  well  as  the  8I3C  of 
the  ingested  C02,  and  the  8*  HZ  values  of  the  samples  collected  on 
Kilauea  do  not  relate  directly  to  the  ,4C  activity,  as  can  be  seen  in 
table  9.1. 

The  'HZ  resuks  (table  9.1)  may  appear  slightly  confusing 
because  they  are  compared  to  0.95  times  the  activity  of  an  oxalic 
acid  standard,  which  gives  the  modem  or  present-day  atmospheric 
activity  if  there  had  been  no  bomb  testing.  The  1 HZ  produced  by  the 
nuclear  weapons  tests  since  1953  first  elevated  the  activity  to  200 
percent  of  the  95  percent  oxalic  acid  standard;  absorption  by  the 
oceans  and  other  buffering  mechanisms  has  subsequently  lowered  it 

to  approximately  124  percent  (as  of  1985). 

If  the  present-day  activity  is  represented  by  the  two  samples  at 
124  percent  ,4C  activity,  then  the  samples  growing  in  a thermal  area 
are  depressed  by  16  percent,  giving  the  plants  an  initial  age  of 
approximately  1 .4  ka.  The  fem  leaves  growing  at  the  very  edge  of  a 
fumarole,  a worst  case  situation,  were  depressed  approximately  42 
percent,  differing  from  normal  living  plants  by  4,300  years. 

Thus,  the  charcoal  from  plants  buried  by  an  ash  or  lava  flow 
could  have  an  initial  built-in  age  of  as  much  as  4.3  ka,  but  more 
likely  not  more  than  1.4  ka,  depending  on  how  close  to  a volcanic 
fumarole  the  plants  grew  at  the  time  of  burial.  This  dilution  is  also 
possible  near  central  volcanic  areas,  particularly  downwind, 
decreasing  in  effect  rapidly  away  from  the  source  of  the  dead  C02 
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(hg  9.1)  Nonmeteoric  CO,  is  higher  in  abundance  at  Kilauea 
summit  fumaroles,  but  decreases  in  abundance  away  from  tbe 
i caldera,  along  both  the  east  and  southwest  rift  zones  (L.  P.  Green- 
land, written  commun. , 1985). 

CONCLUSIONS 

Carbonaceous  samples  dating  volcanic  activity  are  probably 
usually  correct  to  within  twice  the  stated  one-sigma  counting  error. 
However,  because  one  cannot  always  reconstruct  the  locations  of 
volcanic  fumaroles  or  determine  the  original  juvenile  C02  gas 
activity,  radiocarbon  samples  from  volcanic  areas  may  appear  too 
old  by  about  1 ,400  years.  In  rare  situations  samples  may  date  4,300 
years  too  old. 

Most  contaminants  of  charcoal  collected  for  radiocarbon 
chronology  studies  result  in  geologically  young  ages  (modern  root- 
lets, humic  adds,  and  so  on)  Our  studies  show  that  samples 
collected  from  the  immediate  vicinity  of  C02-emitting  volcanic 
fumaroles  can  also  incorporate  contaminants  that  result  in  radiocar- 
bon ages  that  are  too  old.  Considerable  caution  should  be  used  in  the 
evaluation  of  ages  from  central  volcanic  areas.  Given  the  present 
sparse  data  one  cannot  use  8,3C  to  predict  possible  old  carbon 
contamination. 
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HAWAIIAN  RADIOCARBON  DATES 

By  Meyer  Rubin,  Lea  Kelley  Gargulinski,  and  John  P.  McGeehin 


ABSTRACT 

Radiocarbon  dates  have  been  obtained  from  306  geologic 
samples  collected  from  the  Island  of  Hawaii  and  analyzed  by  the 
U.S.  Geological  Survey  laboratory  at  Reston,  Virginia.  The 
dates  range  from  modern  (present-day  carbon)  to  greater  than 
38  ka.  For  convenience,  the  tabulated  dates  are  grouped  by 
volcano:  185  from  Mauna  Loa,  90  from  Kilauea,  30  from 
Hualalai,  and  1 from  Mauna  Kea.  Maps  show  sample  locations, 
and  a selected  bibliography  of  articles  covers  aspects  of 
Hawaiian  radiocarbon  dates. 

INTRODUCTION 

Understanding  the  history  of  volcanism  in  Hawaii  requires  an 
understanding  of  the  timing  of  the  volcanic  events.  This  article  lists 
the  radiocarbon  dates  from  the  Island  of  Hawaii,  giving  their  sample 
locations,  ages,  significance,  and  stratigraphic  relations  in  tabular 
form.  Dates  from  each  volcano  on  Hawaii  are  grouped  in  a separate 
table.  These  tables  and  the  accompanying  bibliography  provide  a 
comprehensive  source  of  information  on  Hawaiian  radiocarbon 
dates. 

HISTORY  OF  »«C  DATING  IN  THE 
HAWAIIAN  ISLANDS 

Although  radiocarbon  dating  methods  have  been  available 
since  the  late  1940  s,  only  a handful  of  dates  were  determined  on 
material  from  Hawaiian  lava  flows  before  1976.  This  was  not 
because  of  lack  of  interest  but  because  samples  of  datable  organic 
material  were  not  available.  With  improved  understanding  of  the 
conditions  of  charcoal  formation  and  preservation  beneath  basaltic 
lavas,  opportunities  for  discovery  increased.  Lockwood  and  Lipman 
(1979)  pioneered  the  recovery  of  such  material,  allowing  the  dating 
of  many  new  samples.  Dates  from  Hawaii  before  1979  are  listed  in 
Kelley  (1979)  and  Kelley  and  others  (1979)  In  the  present  paper, 
we  list  all  dates  from  Hawaii  analyzed  for  volcano-stratigraphic 
purposes  at  the  U.S.  Geological  Survey  radiocarbon  laboratory  at 
Reston,  Va.  Many  dates  obtained  for  other  purposes,  such  as 
archaeologic  dates,  geochemical  dales  related  to  volcanic  gases  and 
volcanic  emanations  affecting  the  biosphere,  and  dates  on  ground 
water  are  not  listed  here,  as  they'  are  beyond  the  scope  of  this  article. 

A curve  depicting  the  number  of  radiocarbon  dales  by  year 
since  1950  would  be  a steeply  nsing  one.  The  development  of  the 
new  technique  of  tandem-accelerator  mass  spectrometry,  with  its 
attendant  thousandfold  decrease  in  the  required  sample  size,  will 
undoubtedly  cause  this  curve  to  nse  even  more  steeply.  Many  sites 
yield  charcoal  in  insufficient  quantity  for  a conventional  radiocarbon 


age  without  large-scale  quarrying  operations,  but  the  new  method 
can  provide  a reliable  date  from  a few  milligrams  of  carbon.  The 
experience  of  volcanologists  indicates  that  many  additional  flows  can 
be  dated,  now  that  the  sample  requirements  have  been  reduced 
significant  ly- 

Radiocarbon  dales  from  Hawaii  have  revolutionized  our 
understanding  of  the  island’s  volcanic  history.  Previous  workers  had 
to  be  satisfied  with  relative  ages,  rather  than  numerical  dales.  In 
| addition  to  directly  dating  the  geologic  deposit,  ,4C  dating  has 
helped  to  calibrate  other  forms  of  dating,  which  then  could  be  used 
as  a substitute  dating  technique  where  carbon  is  not  available.  These 
alternate  methods  include  paleomagnetic-age  curves  of  various  types 
and  individual  weathering  indices  developed  by  several  workers.  AU 
of  these  are  calibrated  on  ,4C-dated  flows. 

CARBON  SOURCES 

The  ideal  sample  for  radiocarbon  dating  of  a flow  would  be  a 
sample  from  a short-lived  plant  converted  to  vitreous  charcoal  by  the 
heat  of  the  advancing  lava  (Lockwood  and  Lipman,  1979)  The 
plant  should  have  been  growing  away  from  the  influence  of  volcanic- 
source  C02,  which  lacks  the  ,4C  present  in  atmospheric  C02, 
should  be  buried  too  deeply  for  surface  rootlet  penetration,  and 
should  not  be  soaked  in  ground  water  rich  in  organic  components. 
Poor  samples  would  be  those  from  buried  soils,  poor  in  organic 
matter,  having  modern  rootlets,  or  lying  under  the  water  table. 
Various  enrichment  and  purification  techniques  for  removing  con- 
taminants have  been  developed  to  analyze  such  poor-quality  sam- 
ples, but  the  results  are  not  always  reliable.  Charcoal  from  post -flow 
fires  commonly  trickles  down  through  the  flow  (most  easily  with  aa) 
and  can  give  the  appearance  of  having  been  formed  during  the  flow’s 
advance,  but  such  material  will  not  date  the  actual  flow. 


VALIDITY  OF  THE  DATES 

The  uncertainty  given  for  the  dates  in  the  tables  (the  figure 
after  the  2: ) is  the  standard  deviation  (one  sigma)  based  only  on  the 
counting  statistics  and  not  on  analysis  of  replicate  samples  from  the 
field.  This  counting  error  does  not  include  variable  factors,  such  as 
contamination,  isotopic  fractionation,  and  other  laboratory  uncer- 
tainties. Experience  has  shown  that  these  factors  raise  the  uncer- 
tainty to  more  than  twice  the  quoted  error. 

Another  type  of  error  encountered  in  some  samples  taken  from 
volcanic  areas  is  that  caused  by  dilution  of  the  normal  l4C  content  in 
atmospheric  C02  by  volcanic  emanations  that  contain  no  ,4C. 
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Plants  take  up  this  ,4C-poor  C02  in  their  metabolism  and  therefore 
have  an  initial  apparent  age  because  of  such  deficient  initial  activity. 
This  error  in  extreme  cases  can  produce  an  apparent  age  of  3 ka  in 
living  plants  (Rubin  and  others,  chapter  9)l  However,  common 
practice  suggests  that  unless  a plant  is  known  to  be  growing 
immediately  adjacent  to  a vent,  it  can  be  assumed  to  give  a 
reasonably  correct  age. 

HOW  l4C  DATING  HAS  AFFECTED  THE 
THINKING  OF  HAWAIIAN  GEOLOGISTS 

What  surprises  have  been  produced  by  the  numerous  l4C  dates 
obtained  in  recent  years?  In  general,  geologists  did  not  have  to  revise 
gre-atly  their  age  estimates  for  flows  younger  than  I ka.  By  extrapo- 
lation of  historical  weathering  rates,  they  had  been  able  to  estimate 
fairly  accurately  the  ages  of  the  younger  flows.  Flows  having  a very 
weathered  appearance,  however,  had  been  estimated  to  be  much 
older  than  the  dales  ultimately  derived  by  ,4C  measurements. 

SUMMARY  OF  HAWAIIAN  RADIOCARBON  DATES 
AND  THEIR  SIGNIFICANCE 

Sample  locations,  laboratory  numbers,  and  ages  of  Hawaiian 
radiocarbon  dates  have  been  plotted  (figs.  10.2-10.5;  see  also  fig. 
10. 1)  and  are  also  listed  by  volcano  (tables  10. 1-10.4).  The  tables 
list  samples  in  order  of  increasing  age  and  also  give  additional 
information  on  location,  geologic  section,  altitude  and  flow  name. 
Only  those  samples  that  were  processed  at  the  U.S.  Geological 
Survey  radiocarbon  laboratory  at  Rest  on,  Va.,  and  that  have 
geologic  significance  are  included  in  this  compilation. 

Much  further  information  for  each  sample,  including  the 
complete  geologic  section  and  significance,  the  date  of  collection,  and 
the  collectors  judgment  as  to  whether  the  sample  age  appears  to  be  a 
valid  age  for  the  overlying  flow  or  ash  is  available  from  the  U.S. 
Geological  Survey  laboratory  at  Reston  or  from  the  collector.  All 
collectors  are  or  were  members  of  the  U.S.  Geological  Survey. 
Other  chapters  in  the  present  work  make  use  of  the  dates  collected 
here  in  their  studies  of  separate  volcanic  areas,  and  they  constitute 
prime  sources  of  information  on  Hawaiian  chronology. 

MAUN  A LOA 

The  numerous  samples  dating  the  flows  of  Mauna  Loa  (table 
10. 1;  figs.  10.2-10.4)  serve  only  to  establish  a foundation  for 
further  work.  Of  the  hundreds  of  individual  flows  that  have  been 
mapped,  many  have  been  dated,  but  there  are  still  many  more  flows 
to  be  dated.  Where  carbon  is  not  available,  or  the  age  is  beyond  the 
range  of  ,4C  dating,  observational  methods  of  relative  dating  will  be 
used,  with  the  radiocarbon  dales  as  a calibration  where  possible. 

Some  tentative  statements  as  to  the  activities  of  the  various 
volcanoes  can  be  made.  Mauna  Loa  appears  to  have  been  more 
active  during  the  bnef  period  of  its  recorded  history  than  during  the 
several  centuries  immediately  preceding  1840.  Activity  was  also 
higher  around  0.8- 1.0  ka  (800-1,000  years  before  prrsenl). 


Surface  flows  on  Mauna  Loa  appear  to  be  older  than  those  of 
KiUuiea.  Areal  percentages  covered  by  various  ages  of  flows  are 
discussed  by  Lockwood  and  Lipman  (chapter  18).  Flows  several 
thousand  years  old  are  common  on  Mauna  Loa,  but  flows  more  than 
a few  hundred  years  old  are  rare  on  Kilauea.  About  30  percent  of 
the  surface  of  the  southwest  side  of  Mauna  Loa  has  been  covered  by 
lava  in  the  past  1,000  years,  but  about  90  percent  of  Kilauea  s 
surface  is  younger  than  I ka. 

Ages  of  Mauna  Loa  flows  range  from  very  recent  to  greater 
than  38  ka,  the  very  oldest  flows  being  exposed  along  deeply  incised 
river  channels  and  fault  scarps. 

KILAUEA 

As  is  evident  from  the  dates  (table  10.2;  fig.  I0.5X  Kilauea  is 
a young,  active  volcano.  Kilaueas  surface  is  only  about  one-tenth  as 
old  as  was  thought  previously.  The  northeast  rift  zone  appears  to  be 
the  same  age  as  the  southwest  rift  zone  but  has  more  bulk,  erupting 
more  often  and  with  greater  volume.  The  older  rocks  are,  in  general, 
found  farther  away  from  the  rift  zone.  About  90  percent  of  the 
surface  flows  are  younger  than  l.l  ka  (Holcomb,  chapter  12). 
Kilauea  is  the  youngest  volcano  on  the  Island  of  Hawaii,  with  dated 
eruptions  from  the  present  time  back  to  about  23  ka. 

HUALALA! 

Although  the  flows  of  Hualalai  (table  10.3;  fig.  10.2)  have  not 
been  as  frequent  as  Kilauea  in  historical  time,  the  flows  in  the  past 
1 , 500  years  have  been  very  large  and  cover  1 0-20  percent  of  the 
area.  All  of  the  approximately  200  cones  on  Hualalai  are  of 
Holocene  age  (less  than  10  ka)  and  95  percent  of  the  surface  flows 
are  also  Holocene  in  age.  As  much  as  50  percent  of  the  area  is 
covered  by  flows  younger  than  5 ka.  Hualalai  is  still  an  active 
volcano,  with  an  average  of  one  eruption  every  50  years  during 
Holocene  time,  ami  the  last  known  eruption  occurred  in  1 80 1 . Ages 
range  from  less  than  200  years  to  13  ka. 

MAUNA  KEA 

Mauna  Kea  is,  next  to  KohaJa  Volcano,  the  oldest  and  least 
active  of  the  Hawaiian  volcanoes.  The  date  from  Mauna  Kea  (table 
10.4;  fig.  10.3)  is  Holocene  in  age,  but  this  does  not  reflect  the  age 
of  the  majority  of  deposits  (see  Porter,  chapter  2 1 X 
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FIGURE  10.2.  — lxJcalitiM  and  age*  of  ,4C  cWd  samples  on  Hualalai  Volcano  and  the  nnrthwr*4rm  part  of  Mauna  Loa  Volcano.  Do*».  sample  localities.  for  each  locality  die 
,4C  age  in  yean  B.R  (blue)  and  tKe  sample  number  (red)  are  given  For  details  of  samples,  tee  tables  10. 1 and  10.3.  MOD.  modern. 
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Figure  10. 3.  — Localities  and  ages  of  l4C-datrd  samples  on  Mauna  Kea  Volcano,  eastern  pari  of  Maura  Loa  Volcano,  and  northwestern  pari  of  Kilaura  Volcano.  DoU, 
sample  localities,  for  each  locality  the  ,4C  age  m years  B P (blue)  and  the  sample  number  (red)  are  given  For  details  of  samples,  see  tables  10. 1.  10.2.  and  10.4. 
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FlCUHE  10.4.  — Localities  and  ages  of  -dated  satnplrs  on  southwestern  part  of  Mauna  Ijcm  Volcano.  Dots,  sample  localities:  for  each  locality  the  l4C  age  m yean  B P 
(blue)  and  the  sample  number  (red)  are  given  For  details  of  samples,  see  table  10. 1 . 
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Ficukk  10.  S. — Localities  and  a#rs  of  ,4C-da»ed  samples  on  Kilauea  Volcano  and  southeastern  pari  of  Maun*  Lam  Volcano.  Dots,  sample  localities;  for  each  locality  the 
,4C  age  in  year*  H P (blue)  and  the  sample  number  (red)  are  given.  Fur  detail*  of  samples,  see  tables  10. 1 and  10.2. 
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TaijU.  10. 1 — Radiocarbon  data  from  A fauna  Loa  Volcano,  I eland  of  Hatoh 

[Sample*  Iwled  ui  order  «(  iiurr.img  age.  uiKrrlaiMI}  i»  tv*  tUndard  doutine,  * lir,  mudriii  afr  mran*  iample  u youn*n  thin  AD  1930.  ML  = Maun*  Loa;  MK  - Maona  Kea. 
mauka  toward  ike  mountain . makai  - toward  thr  *ea.  mt  kp  10  2-10.4  for  ktalitm.  Straligrapkx  aamoulalwe  from  Langenkeim  and  Clagiar  (chapter  I , pari  II)] 


Samp le 

Radiocarbon 
age  (year* 
be  fore 
present) 

Locat ion 
( l«titude( 
longitude , 
quadrangle) 

Elevation 

(«) 

Sample  and  site  description 

Collector 

V4114 

Modern 

19*30*09" 

155*23*10" 

Puu  Ulaula 

2,070 

Root  fragments  under  margin  of  aa, 
Keamoku  flow,  800  m N.  of  end  of 
Strip  Rd.,  300  m E.  of  Puu  Ulaula 
Trail. 

J<  P.  Lockwood 

W 3843 

<200 

19*24  *32" 

1 55*20*37” 
Kilauea  Crater 

1,050 

Charcoal  root  fragments  from  Paha  1 « 
Ash  below  flow  of  Kipuka  Maunaiu,  at 
head  of  gully,  along  contact  with 
Keamoku  flow,  Ohaikea  Rd. 

P.  W.  Lipman 

W4I98 

<200 

19*10 '28" 
155*46*37" 

Papa 

1,481 

Charcoal  fragments  along  basal  aa, 
at  edge  of  Manuka  flow,  resting  on 
pumice  blanket  from  Hapaimanu,  N. 
end  of  prominent  kipuka,  MW.  of 
Pohakuloa* 

P.  W.  Lipman 

W433I 

<200 

19*29*52" 
155*19'07” 
Kilauea  Crater 

1,542 

Charcoal  rootlets,  in  soil  at  base  of 
pahoehoe,  E.  Keamoku  flow,  overlain 
by  grey  tube-fed  pahoehoe,  Puu  Oo 
Trail,  Keauhou  Ranch  Rd.  pit,  4 km 
SE.  of  Kcawcwai  Camp. 

J.  P.  Lockwood 

V4356 

<200 

19*32*20" 

155*20*44" 

Kulani 

1,913 

Charcoal,  at  base  of  large  tree  mold, 
Solomon's  Water  Hole  flow,  overlain 
by  aphanitic  tube-fed  pahoehoe, 
Powerline  Rd.,  between  pole  103  and 
104. 

J.  P.  Lockwood 

U4411 

<200 

19*12*22" 

155*28*02" 

Paha  la 

238 

Charcoal  roots  under  aa  clinkers  at 
edge  of  flow,  SE.  of  Highway  11, 

NE.  of  Paauau  Gulch. 

N.  C.  Banks 

W4535 

<200 

19*38 '31" 

155*07*35" 

Piihonua 

337 

Charcoal  roots,  in  red-orange 
sub-laterite  soil,  young  Ainaola 
pahoehoe  flow,  overlain  by  very  fine 
crystalline,  neer  aphanitic  dark 
grey  pahoehoe,  drainage  ditch  10  o 
S.  of  Ainaola  Dr. 

J.  P.  Lockwood 

W 5095 

<200 

19*29*46" 

1 5 5* 20 '39" 
Kilauea  Crater 

1,684 

Charcoal  rootlets  from  edge  of 
Keamoku  flow,  NW.  of  Kipuka  Kekake, 
Powerline  Rd.,  pole  140. 

J.  P.  Lockwood 

W 3108 

<200 

19*30*42" 
155*44'24" 
Puu  0 Uo 

2,082 

Charcoal  twigs  from  Puu  0 Uo  flow, 
along  S.  margin  of  the  flow  near 
uppermost  ohia  forest,  5 km  UNU. 
from  summit  of  Puu  0 Uo. 

J.  P.  Lockwood 

W4186 

220*60 

19*42*41" 
155*33*09'* 
Puu  Koli 

1,914 

Charcoal,  beneath  thin  pahoehoe  toes 
at  contact  with  old  MK  aa  around 
small  kipuka,  Red  Leg  Trail,  5 km 
SSE.  of  Pohakuloa  cabins. 

J.  P.  Lockwood 

W 3871 

230*60 

19*26*44" 
155*19'07" 
Kilauea  Crater 

1,281 

Charcoal  roots  in  ash  below  Keamoku 
aa  flow,  from  roadcuts  in  Kipuka  Ki. 

J.  P.  Lockwood 

W 4920 

250*70 

19*27*48'* 
155*17*04" 
Kilauea  Crater 

1,250 

Charcoal  (rerun  of  W-3879, 
age  830*60). 

J.  P.  Lockwood 

W 5329 

260*200 

19*10*52" 

155*28*41" 

Paha  la 

65 

Charcoal,  from  soil  beneath 
pahoehoe  overlying  Pahala  Ash,  top 
of  Pahala  section,  at  base  of  cliff 
below  Puu  Kalea. 

N.  C.  Ranks 

W 4537 

270*60 

19*37*49" 
155*33'43" 
Puu  Koli 

2,243 

Charcoal  roots  beneath  aa  margin 
of  Keamuku  flow,  3 km  NNE.  of  Puu 
Kokoolau. 

J.  P.  Lockwood 
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TABLE  10. 1 . — Radiocarbon  data  from  Mama  Ijoo  Volcano.  Island  of  HcUMB — Omhmwl 


Radiocarbon  Location 
age  (years  (latitude, 

Sample  before  longitude,  Elevation  Sanple  and  site  description  Collector 

present)  quadrangle)  (n) 


W4006 

290170 

19*24 ’44“ 
135*20*33" 
Kilauea  Crater 

1,095 

Charcoal  roots  in  Paha  la  Ash, 
underlying  Kipuka  Kaunaiu  flow, 
Ghaikea  Rd. 

P.  W.  Lipman 

WA183 

300i60 

19*29*44“ 

155*26 ’40" 
Kipuka  Pakekake 

2,550 

Charcoal,  SW.  margin  of  prominent 
red  pahoehoe  kipuka  on  V.  aargin  of 
Kau  1880  flow. 

J.  P.  Lockwood 

W4360 

300±60 

19*39*37" 
155*20*41" 
Kilauea  Crater 

1,676 

Charcoal  underlying  marginal  blocks 
of  aa,  Kcamoku  flow,  Powcrlinc  Rd . , 
pole  142. 

J.  P.  Lockwood 

U4175 

300aS0 

19*35*12" 
155*25*17** 
Puu  Ulaula 

2,292 

Charcoal  underlying  dark  grey  aa, 
Puu  Kupanaha  flow,  overlain  by  1880 
lavas,  Kulani-Hauna  Loa 
Observatory  Rd. 

J.  P.  Lockwood 

V5106 

300*80 

19*24* 58" 
155*20*59" 
Kilauea  Crater 

1,166 

Coarse  charcoal  roots,  beneath  tree 
mold  in  base  of  flow,  Lacey  Cesspool 
picrite-rich  flow  overlain  by  basalt 
of  Kipuka  Maunaiu,  Peter  Lee  Rd. 

J.  P.  Lockwood 

WA238 

300*70 

19*04*17" 
155*A0'57" 
Kahuku  Ranch 

688 

Charcoal  root  fragments  in  olivine- 
rich  pahoehoe,  Puu  U>kuana. 

P.  V.  Lipman 

WA3AI 

330*60 

19*30*29" 

155*20*36" 

Kulani 

1,766 

Charcoal  rootlets  under  aa  at  margin 
of  pahoehoe  flow,  Puu  Kulua  flow, 
lowest  unit  in  Keamoku  suite, 

Power  line  Rd.,  1.6  km  S.  of  Keawewai 
Camp. 

J.  P.  Lockwood 

W4805 

3A0*60 

19*23*50" 
155*22*16" 
Kilauea  Crater 

1,155 

Charcoal  rootlets  beneath  thin  edge 
of  fresh  pahoehoe  flow,  Ke  A Poomoku 
Ghaikea,  3 m mauka  of  Powerline  Rd. 

J.  P.  Lockwood 

W5535 

3A0*I 50 

19*36*14" 
155*40*36" 
Puu  0 Uo 

2,137 

Charcoal  roota  at  margin  of  loose 
shelly  pahoehoe,  under  radial  vent 
surrounded  by  1859  lava* 

J.  P.  Lockwood 

WA919 

350*70 

19*26*44" 
155*19*07" 
Kilauea  Crater 

1,281 

Charcoal  (rerun  of  W-387I, 
age  230*60). 

P.  W.  Lipman 

W5539 

360*150 

19*50*23’’ 
155*47*23" 
Puu  Anahulu 

710 

Bush  fragments  at  basal  contact  of 
1859  aa  flow,  Mamalahoa  Highway, 

37  km  NE.  of  Kailua. 

J.  P.  Lockwood 

W5079 

A10*60 

19*32 '37" 
155*2 7 '56" 
Puu  Oo 

2,059 

Charcoal  roots  in  pocket  of  ash 
beneath  thin  pahoehoe  toe  above 
picrite,  Humuulu  flow,  overlain  by 
1855  t low,  1 km  E.  of  Mauna  Loa 
Observatory  Rd. 

J.  P.  Lockwood 

WA049 

420*70 

19*27*47" 
155*20*48" 
Kilauea  Crater 

1,498 

Vitreous  charcoal  from  Keamoku  flow, 
upper  unit,  underlying  thin  outlier 
of  aa. 

J.  P.  Lockwood 

M3790 

420*70 

19*33*15" 

155*18*04" 

Kulani 

1,574 

Charcoal  from  thin  soil,  developed 
on  old  spatter,  undertying  Kulani 
picrite,  on  high-standing  dry 
hit  lock. 

J.  P.  Lockwood 

WA882 

A 30*70 

19*32*28" 

155*19*54" 

Kulani 

1,795 

Coarse  charcoal  fragments  in  a 
horizontal  tree  mold  at  margin  of 
tube-fed  pahoehoe  Kulaloa  flow, 
Kilauea  Forest  Reserve  lobe,  over- 

J.  P.  Lockwood 

lain  by  Kulani  picrite,  200  ■ SW.  of 
Kilauea  Forest  Reserve  Boundary  Rd . 
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TABLE  1 0. 1 . — Radiocarbon  i Jain  from  Maana  Loa  Volcano,  Idand  of  Haoari — Continued 


Sample 

Radiocarbon 
age  (years 
before 
present) 

Location 
( latitude, 

longitude,  Elevation 

quadrangle)  (m) 

Sample  and  site  description 

Col  lector 

W4571 

440*70 

19*31 *08" 
155*23'41* 

Puu  Ulaula 

2,268 

Charcoal  rootlets  beneath  margin 
of  aa  breccia,  W.  Keamoku  flow, 
1.3  km  NE.  of  Puu  Ulaula  Trail. 

J.  P.  Lockwood 

W3793 

450*60 

19*33*15” 

1 55*18  * 0 7** 
Kulani 

1,574 

Charcoal  from  water-saturated  spatter 
underlying  2 m of  Kulani  picrite. 

J.  P.  Lockwood 

W4376 

480*60 

19*33*19" 
155*24*15" 
Puu  Ulaula 

2,414 

Charcoal  roots  beneath  Mauna  Loa 
Boys'  School  flow,  at  crescent-shaped 
spatter  cone,  1 km  ENE.  of  Puu  Kulua. 

J.  P.  Lockwood 

W4243 

490*80 

19*05*49" 
155*40'43" 
Kahuku  Ranch 

829 

Charcoal  fragments  in  dirt  and  ash 
adjacent  to  flow  margin,  underlying 
aa  containing  small  phenocrysts  of 
plagioclase  and  olivine,  Akihi. 

J.  P.  Lockwood 

W5568 

510*150 

19*31*52" 

155*46'08" 

Puu  Lehua 

1,762 

Vitreous  twigs  and  fine  rootleta, 
under  slabby  pahoehoe  fragments  at 
outer  margin  of  thin  pahoehoe  squeeze- 
out,  N.  margin  of  Puu  O Uo  flow,  250  m 
NU.  of  prominent  kipuka. 

J.  P.  Lockwood 

W3880 

530*60 

19*27*48" 

155*1 7*04" 
Kilauea  Crater 

1,250 

Organic  debris  and  sooty  soil 
directly  underlying  ropy  pahoehoe. 

J.  P.  Lockwood 

W4790 

540*70 

19*26*25" 

1 55*24 '07" 
Kipuka  Pakekake 

1,609 

Charcoal  rootleta,  Ke  A Pooreoku 
pahoehoe  flow,  W.  edge  of  fresh  flow, 
1.3  km  S.  of  National  Park  boundary, 
700  m SE.  of  prominent  rockwall. 

J.  P.  Lockwood 

W4916 

560*70 

19*30*11" 

155*23*10" 

Puu  Ulaula 

2,079 

Charcoal  (rerun  of  W-4118, 
age  580*80) . 

J.  P.  Lockwood 

W5098 

570*60 

19*37*37" 
155*08 '28" 

Pi ihonua 

463 

Charcoal  twigs  and  roots,  in  muddy 
ash  layer  between  Kulaloa  and 
Panaewa  pahoehoe  flows,  off  Kulaloa 
Rd.,  Waiakea  Homesteads. 

J.  P.  Lockwood 

W4367 

570*70 

19*26*33" 
155*16*29" 
Kilauea  Crater 

1,238 

Charcoal  under  basalt  flow  on 
Volcano  Coif  Course,  Keamoku  flow, 

50  m W.  of  third  green  on  golf  course. 

R.  B.  Moore 

W4118 

580*80 

19*30*11" 
135*23*10" 
Puu  Ulaula 

2,079 

Charcoal  from  younger  phase  of 
Keamoku  flow. 

J.  P.  Lockwood 

W4338 

590*50 

19*31 *43" 

155*20*48" 

Kulani 

1,887 

Coarse  charcoal  fragments  from  tree 
mold  at  margin  of  aa  flow,  Kcawewai 
Camp  flow,  Powerline  Rd.,  pole  112. 

J.  P.  Lockwood 

W3898 

590*70 

19*23*25" 
155*30*53" 
Manna  Loa 

2,428 

Charcoal  from  pocket  of  baked  ash, 
very  young  precaldera  aa  flow, 
Ainapo  Trail. 

J.  P.  Lockwood 

W1047 

600*250 

19*21 '54" 

1 55*23 '06" 
Wood  Valley 

910 

Charcoal  fragments  in  sandy  ash,  top 
of  Pahala  Ash,  just  below  black 
sandy  ash,  Kaoiki  Pali. 

C.  A.  Macdonald 

M4807 

620*70 

19*32*22" 

155*20*44" 

Kulani 

1,917 

Charcoal  roots  in  ash  pockets  of 
picrite-rich  aa,  at  contact  with 
aphanitic  pahoehoe,  Solomon's  Water- 
hole  flow,  Power  line  Rd.,  between 
pole  103  and  104,  Puu  0o  Trail. 

J.  P.  Lockwood 

W4025 

640*4  5 

19*13*09" 
155*37*  54** 
Puu  Keokeo 

1,7  74 

Charcoal  fragments  at  base  of 
Pohina  flow,  where  it  rests  on 
Pahala  Ash  at  edge  of  Na  Kanua 
Haalou  Swamp. 

J.  P.  Lockwood 
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TaBLL  10. 1.  — Radiocarbon  dates  from  Mauna  Ijhq  Volcano,  Island  of  Hunan — Continued 


Sample 

Radiocarbon 
age  (years 
before 
present) 

Location 
( latitude, 

longitude.  Elevation 

quadrangle)  (a) 

Sample  and  site  description 

Collector 

W4845 

640*70 

19*28*1 7" 

155*1 7*44" 
Kilauea  Crater 

1,349 

Charcoal  rootlets  in  soot,  beneath 
thick  pahoehoe  toe,  Keamoku  flow, 
Keauhou  Ranch,  Golf  Course  lobe. 

J.  P.  Lockwood 

V4410 

660*70 

19*10*37” 

135*20*37" 

Pahala 

53 

Charcoal  roots  in  Pahala  Ash  just 
below  lava  basalt  flow,  stream  bed, 
Kanenelu  flat,  Hionamoa  Gulch. 

N.  G.  Banks 

W4801 

730*70 

19*26*20" 
155*22'21" 
Kilauea  Crater 

1,442 

Charcoal  fragments  and  soot,  from 
small  bush  molds,  upper  part  of  deep 
ash  below  pahoehoe  toe,  picrite-rich 
Kipuka  Hsunaiu  pahoehoe,  overlying 
Ke  A Poomoku  flow,  1.5  km  mauka  of 
Power  line  Rd. 

J.  P.  Lockwood 

W4156 

740*60 

19*09'02" 

155*33'56” 

Punaluu 

473 

Charcoal  roots  from  ash  at  base  of 
Kipuka  Nene  flow,  exposed  in  pothole 
along  Hi  lea  Gulch. 

P.  U.  Lipman 

W4012 

740*60 

19*08*17'* 

155*33*08" 

Punaluu 

305 

Charcoal  roots  from  ash  underlying 
thin  variable-olivine  pahoehoe  flow 
at  Kipuka  Nene,  Hilea  Gulch. 

P.  W.  Lipman 

W5301 

760*100 

19*35*46" 
155*47*11" 
Puu  Lehua 

1,561 

Charcoal  in  soil  on  Hualalai  cinder 
cone,  overrun  by  picritic  ML  flow, 

1 km  NE.  of  Kanahaha. 

R.  B.  Moore 

W4343 

760*70 

19*29 '34" 
155*20*37" 
Kilauea  Crater 

1,661 

Charcoal  rootlets  beneath  thin 
pahoehoe  lobe,  Powerline  Rd., 
pole  142. 

J.  P.  Lockwood 

W4232 

780*70 

19*05*41” 
155*42*09" 
Kahuku  Ranch 

780 

Small  sparse  hard  charcoal,  in 
thin  marginal  aa  near  its  base, 
where  lapping  onto  pumice  from 
Kahuku  picrite  cone. 

P.  W.  Lipman 

W4863 

780*70 

19*29' 12” 

1 55*2  5 *0B" 
Kipuka  Pakekake 

2,254 

Charcoal  roots  in  discontinuous  soil 
above  picrite-rich  aa  where  overlain 
by  thin  aphanitic  tube-fed  pahoehoe 
and  vesicular  as,  overlain  by  1880  and 
Ke  A Poomoku  flows,  E.  margin  of  small 
kipuka  400  m ESE.  of  1880  lobe  distal 
end  • 

J.  P.  Lockwood 

V3879 

830*60 

19*27*48" 
155*17*04" 
Kilauea  Crater 

1,230 

Charcoal  from  flaky  roots  in  Pahala 
Ash,  l 5 cm  beneath  ropy  pahoehoe. 

J.  P.  Lockwood 

W4794 

880*60 

19*31*11" 

1 35° l 8 ,06" 
Kulani 

1,533 

Tiny  vitreous  fragments  of  ohia 
leaves  and  twigs  in  soot,  from 
overlying  tree  canopy  knocked  off 
by  falling  spatter,  Olaa  Uka  flow, 
dense  rain  forest  in  gully  on  S. 
edge  of  Kulani  Cone. 

J.  P.  Lockwood 

W4137 

890*60 

19*08 '30" 
155*33*17'* 

Punaluu 

381 

Charcoal  roots  from  lens  of 
Pahala-likc  ash,  below  thin 
olivine-rich  pahoehoe,  Kipuka 
Nene  flow,  Hilea  Gulch. 

P.  W.  Lipman 

W404  7 

910*70 

19*29 ' 1 5” 
153*23*11" 

Kipuka  Pakekake 

1,934 

Charcoal  under  olivine-rich 
aa  flow. 

J.  P.  Lockwood 

W4231 

910*60 

19*10*17” 

155*36*05" 

Punaluu 

878 

Charcoal  roots  in  Pahala  Ash, 
underlying  olivine-rich  pahoehoe, 
and  overlying  phenocryst-poor  aa, 
stream  bed,  Hilea  Gulch  gauging 
station. 

P.  W.  Lipman 
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Tab IX  10. 1.  — Radiocarbon  ddcs  from  Maun u Loo  I Wtano.  tiland  of  HtUaft — Continued 


Sample 

Radiocarbon 
age  (year* 
before 
present) 

Location 
( latitude, 
longitude, 
quadrangle) 

Elevation 

(n) 

Sample  and  site  description 

Collector 

W5083 

1,030*60 

19*22'50" 

155*30*17" 

Mauna  Loa 

2,091 

Elongate  charcoal  fragments,  beneath 
thin  Keamoku  pahoehoe  toes,  overlying 
discontinuous  ash,  Lower  Ainapo  Trail, 

J.  P.  Lockwood 

W4870 

1,100*70 

1 9*2  9 ' 52" 
I55*19'07" 
Kilauea  Crater 

1,542 

Coarse  charcoal  root  fragments 
underlying  thick  pahoehoe,  overlain 
by  Keamoku  flow,  Puu  Oo  Trail, 
Keauhou  Ranch  Rd. 

J.  P.  Lockwood 

W4631 

1,110*60 

19*42' 2 3" 
155*05 ' 10" 
Hilo 

41 

Charcoal  roots  underlying 
pahoehoe  with  round  vesicles,  at 
top  of  stream  deposit,  overlying 
thin  Kulaloa  pahoehoe  flow,  Waiakea 
Stream,  S.  of  Kumakoa  St.  bridge. 

J»  M.  Buchanan- 
Banks 

W5537 

1,120*200 

19*28,44" 
155042'38,, 
Sulphur  Cone 

2,499 

Charcoal  rootlets  in  small  ash  pocket 
below  narrow  young  aphanitic  pahoehoe 
toes,  2,8  km  SW.  of  Puu  0 Uo. 

J.  P.  Lockwood 

W5597 

1,140*300 

19*42* 50" 

155*05'56" 

Hilo 

67 

Scattered  charcoal  fragments  in  ash 
deposit,  overlain  by  Kinoole  aa, 
Alenaio  Stream  at  tributary  E.  of 
Komohana  Street. 

J.  M.  Buchanan- 
Banks 

W5519 

1,130*200 

1 9*37 '28" 
155*45*22" 

Puu  Lehua 

1,649 

Charcoal  in  soil  on  picritic 
pahoehoe,  under  young  pahoehoe,  SE. 
of  Ahu  a Umi  Heiau. 

R.  B.  Moore 

W3910 

1,270*60 

19*23' 22" 

1 55*33  *45" 
Mauna  Loa 

2,318 

Charcoal  in  ash  pocket  underlying 
tree  mold  in  tube-fed  late  pre- 
historic pahoehoe  flow,  Ainapo  Trail, 
ML  S,  flank. 

J.  P.  Lockwood 

W4430 

1,270*70 

19*16*03" 

1 55*29 '06" 

Wood  Valley 

689 

Charcoal  roots  in  soil  and  ash  below 
lava  flow,  overlain  by  crystal-poor 
pahoehoe,  Pelelilii  Gulch. 

N.  C.  Banks 

W4343 

1,280*70 

19*40*11" 
155*07*20" 
Hi  lo 

232 

Charcoal  roots  beneath  thin  pahoehoe 
flow,  young  Waiakea-Uka  pahoehoe, 
Waiakea-Lka  School, 

J.  P.  Lockwood 

V4237 

1,320*50 

1 9*33'47" 

1 55*20'42" 
Kulani 

1,884 

Vitreous  narrow  rootlets  under 
pahoehoe  toes,  overlying  weathered 
phenocryst-r ich  aa  kipuka,  and 
overlain  by  Kulani  picrite* 

J.  P.  Lockwood 

W3000 

1,330*70 

19*22*29" 
155*22'33" 
Wood  Valley 

915 

Organic  debris  and  charcoal,  at 
uppermost  part  of  yellow  ash  section, 
overridden  by  ML  pahoehoe,  Kaoiki 
Pali. 

R.  1.  Tilling 

V5325 

1,370*200 

19*1 3' 55" 

1 55*2  7 ’59" 
Pahala 

389 

Charcoal  roots  in  soil  and  in  ash 
and  pahoehoe,  Highway  ||,  Piukea 
Gulch. 

N.  G.  Banks 

W4813 

1,380*60 

19*31*08" 

155*15'53" 

Kulani 

1,297 

Soot  with  scattered  fragments  of 
fern  leaves,  in  deep  ash  above  old 
spatter,  under  fresh  spatter  covered 
by  fountain-fed  pahoehoe,  01  a a Uka 
flow,  one  day's  hike  S.  of  Stainback 
Highway* 

J.  P.  Lockwood 

W3858 

1,400*60 

19*1 3'26" 
155*27*56" 

Pahala 

457 

Carbonized  wood  fragments  (ohia  lehu) 
in  Pahala  Ash,  beneath  young  pre- 
historic ML  pahoehoe  flow,  Kaalaala 
Gulch. 

P.  V.  Lipman 

Digitized  by  Coogle 


226 


VOLCANISM  IN  HAWAII 


TaH1>  10. 1 . — Radiocarbon  dtfa  from  Mama  Loa  Volcano.  Island  of  H auxin — Continued 


Samp le 

Radiocarbon 
age  (years 
before 
present) 

Location 
( latitude, 
longitude, 
quadrangle) 

Elevation 

(n) 

Sample  and  Bite  description 

Collector 

W4340 

1 ,400*70 

19*35’43" 
155*20' 52" 
Kulani 

1,779 

Charcoal  rootlets  imbedded  in  soot 
at  base  of  pahoehoe,  overlain  by 
nearly  aphanitic  tube-fed  pahoehoe, 
overlain  by  1942  aa,  l km  NW.  of 
Mauna  Loa  Boys’  School* 

J.  P.  Lockwood 

W4981 

1,470*50 

19°38'34" 
155#03,23,t 
Hi  lo 

110 

Charcoal  rootlets  in  unoxidized 
pocket  of  older,  coarse  grey-black 
aa  at  base  of  Panaewa  picrite  flow, 
Allied  Aggregates  Quarry. 

J.  P.  Lockwood 

W3857 

1,470*60 

19* 13' 26" 
155*27' 56" 

Pahala 

457 

Charcoal  fragments  beneath  young 
prehistoric  ML  pahoehoe  flow, 
Kaalaala  Gulch. 

P.  W.  Li  pm  an 

M4357 

1,490*50 

19*35'03" 

1 55*20’ 52" 
Kulani 

1,812 

Charcoal  roots  in  soil  beneath 
aphanitic  pahoehoe,  with  uniform- 
size,  spherical  vesicles,  1 km  E. 
of  Mauna  Loa  Boys'  School. 

J.  P.  Lockwood 

W5153 

1,500*70 

19*09 ’48" 

I55*27'46" 

Pahala 

53 

Charcoal  roots  in  soil  and  ash  under 
pahoehoe,  Punaluu  Gulch. 

N.  C.  Banks 

W5 461 

1,510*110 

19*1 7*02" 

1 55*29'50" 
Wood  Valley 

963 

Charcoal  roots  in  sooty  zone  at  top 
of  Pahala  Ash , young  Upper  Wood 
Valley  pahoehoe,  overlies  section 
exposed  on  Wood  Valley  headvall, 
Kapapala  Ranch  Water  Tunnel  Trail. 

J.  P.  Lockwood 

U5458 

1,640*150 

19*22*16" 

1 55*22'49" 
Wood  Valley 

920 

Charcoal  roots  in  black  sooty  ash  st 
top  of  Pahala  Ash,  Halfway  House 
olivine-rich  pahoehoe,  Peter  Lee  Rd. 
and  Highway  11  junction,  2 m above 
base  of  Kaoiki  Pali,  in  fresh  slump. 

J.  P.  Lockwood 

W4344 

1,690*70 

19*31 '57" 
155*21  *13** 
Kulani 

1,963 

Large  charcoal  roots  underlying 
marginal  blocks  of  aa  above  old 
spatter  on  this  mostly  buried  spatter 
cone.  Powerline  Rd.,  5.5  km  SW.  of 
Kulani  Prison  Hcadquar ters . 

J.  P.  Lockwood 

W527I 

1,700*80 

19*2 7’ 58" 

1 55*48 '14" 
Wood  Valley 

? 

Charcoal  rootlets  in  ash  under 
pahoehoe,  upper  crossover  of  water- 
course along  E.  edge  of  Wood  Valley. 

N.  C.  Banks 

W5278 

1,740*100 

19*40  ’12" 

155*36*52" 

Hilo 

201 

Charcoal  twigs  and  roots  in  pockets 
at  top  of  ash  deposit  overlying  aa, 
overlain  by  young  pahoehoe  flow, 
Kukuau  flow,  Waiakea  Stream,  N.  of 
Hoaka  Rd. 

J.  M.  Buchanan- 
Banks 

W5564 

1,740*250 

19*36' 36" 
155*40*17" 
Puu  0 llo 

2,140 

Charcoal  roots  beneath  thin  pahoehoe 
sheets,  W.  of  eastern  1859  lobe, 

500  m SE.  of  P.T.A.  Bobcat  Trail. 

J.  P.  Lockwood 

W4985 

1,760*60 

19*36 ’49" 

155*20’26" 

Kulani 

1,666 

Charcoal  fragments  beneath  pahoehoe 
toes  in  ash  pockets  of  aa,  overlain 
by  Punahoa  flow,  N.  of  1942  flow, 
Power  line  Rd. 

J.  P.  Lockwood 

W3850 

1,810*80 

19*11 *14" 
155*29'09" 

Pahala 

137 

Charcoal  in  Pahala  Ash,  overlain  by 
phenocryst-poor  ML  pahoehoe  from  SW. 
rift  zone,  Mosul a Gulch. 

P.  W.  Lipmart 

W4116 

1,840*60 

l 9*29' 10"  1,940 

15 5*2 3 '08" 

Kipuka  Pakekake 

Charcoal  from  thin  soil  at  contact  of 
pahoehoe  and  aa. 

J.  P.  Lockwood 
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Tabu.  10. 1. — Radiocarbon  datri  front  Mauna  Loa  VWcoiw.  fdand  of  HarMii — Conlmurd 


Sample 

Rad iocarbon 
*ge  (years 
before 
present) 

Location 
( latitude, 

longitude,  Elevation 

quadrangle)  (■) 

Sample  and  site  description 

Collector 

V 4,022 

1, 860470 

19*14*56" 

1 55*36 *50" 

Punaluu 

1,891 

Charcoal  fragments  at  base  of 
plagioclase  porphyritic  aa  flow, 
Punaluu  Kahawai. 

P.  W.  Lipman 

W4163 

1, 980±80 

i 9*  18*01*' 

155*33*43" 

Keaiva  Reservoir 

2,036 

Charcoal  roots  in  Pahala  Ash,  at  base 
of  flov,  underlying  phenocryst-poor 
aa  flov,  collected  where  aa  cascaded 
through  small  lava  tube,  Kauhuhuula 
Gulch. 

P.  W.  Lipman 

W4161 

2,000170 

1 9*1  7'4  7" 

155*34 » 1 2” 

Keaiva  Reservoir 

2,060 

Charcoal  fragments  from  basal  Hionamoa 
flov,  a large  phenocryst-poor  unit, 
head  of  Makaka  Ravine. 

P.  W.  Lipman 

V477 

2,0001250 

19*39 ’45" 
155*08 '06" 
Hi  lo 

244 

Charcoal  of  ohia  buried  in  cinders  of 
prehistoric  vent  of  the  last  group  of 
lavas  of  HL,  Kau  volcanic  series, 
Waiakea  Homesteads* 

G.  A.  Macdonald 

W4017 

2,010170 

19*17*1 0** 

1 55*  35 ' 24" 

Keaiva  Reservoir 

2,074 

Charcoal  fragments  from  Pahala-like 
ash,  underlying  weathered  phenocryst- 
poor  pahoehoe,  Hionamoa  Gulch. 

P.  W.  Lipman 

W4550 

2, 030160 

19*29*1 3" 

1 55*56 ' 1 7" 
Honaunau 

61 

Carbonaceous  soil  underlying  glassy 
pahoehoe  flow  and  overlying  the  entire 
Kealakekua  Pali  sequence.  Captain  Cook 
Monument,  Kaawaloa,  Kealakekua  Bay. 

J.  P.  Lockwood 

U478 

2, 070i250 

19*39*45" 

1 55*08'06" 
Kilo 

244 

Charcoal  of  tree  fern,  Kau  Basalt, 
Waiakea  Homesteads. 

G.  A.  Macdonald 

V4579 

2, 120170 

19*30*32" 
155*23*45** 
Puu  Ulaula 

2,213 

Charcoal  roots  beneath  pahoehoe  toes, 
overlain  by  all  Keamoku  flov  units. 
Upper  Strip  Rd.  pahoehoe,  250  m NE. 
of  Puu  Ulaula. 

J.  P.  Lockwood 

W4015 

2, 180160 

19*07*04" 

1 55*34 '28" 
Naalehu 

534 

Charred  log,  base  of  young  aa  flow 
containing  large  olivine  phenocrysts. 

P.  W.  Lipman 

W 38  76 

2, 190170 

19*27 ' 50" 
155*17*36" 
Kilauea  Crater 

1,256 

Charcoal  from  root  underlying  ML  NE. 
rift  aa  flow,  covering  Pahala  Ash  on 
E.  extension  of  Kaoiki  fault,  Puu  Oo 
Trail. 

J.  P.  Lockwood 

W5566 

2, 2401150 

19*42'07" 
155*23*25" 
Puu  Oo 

1,742 

Charcoal  root  fragments  overlain  by 
Puu  Kahiliku  picrite-rich  flow,  deep 
gully  in  ash  along  cow  path,  50  m E. 
of  Puu  Oo  Ranch  access  road. 

J.  P.  Lockwood 

W4008 

2, 300160 

19*09*23" 

155*32*26" 

Puna luu 

316 

Carbonized  wood  fragments  in  ash  at 
base  of  the  plagioc lase-porphyrit ic 
aa  flow  in  the  Ninole  Gulch  area, 
one  of  the  last  flows  from  this 
sector  of  ML  to  flow  into  ocean. 

P.  U.  Lipman 

W4831 

2, 340170 

19*27*50" 
155*17*36” 
Kilauea  Crater 

1,256 

Charcoal  root  in  sooty  ash,  under 
Kcauhou  Ranch  aa  flow,  overlain 
by  all  Keamoku  flows,  junction  of 
Puu  Oo  Rd.  and  Kaoiki  Pali. 

J.  P.  Lockwood 

W4142 

2,440160 

19*08*36" 
155*31 *19" 
Punaluu 

53 

Charcoal  fragments  in  Pahala-like 
ash,  base  of  Ninole  aa  flow,  Ninole 
Gulch. 

P.  W.  Lipman 
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TABIA  10. 1.  — Radiocarbon  dates  from  Mauna  Loa  Volcano,  Island  of  Hautcat — Canhnued 


Sample 

Radiocarbon 
age  (years 
before 
present) 

Location 
( latitude, 
longitude, 
quadrangle) 

Elevation 

(■) 

Sample  and  site  description 

Col  lector 

W4810 

2,550*80 

19*32 '06° 

1 55° 1 7*20” 
Kulani 

1,448 

Charcoal  and  rootlets  in  organic  mat 
at  base  of  pahoehoe  toes,  overlain  by 
dense  tube-fed  pahoehoe,  N.  of  Kulani 
Cone,  2.5  lea  S.  of  Stainback  Highway, 
Kulani  Prison  boundary  road,  S.  of 
prominent  picrite  exposures. 

J.  P.  Lockwood 

W4377 

2,650*50 

19*07*04" 
155*34 "28” 
Naalehu 

533 

Carbonised  wood  fragment  at  base  of 
olivine-rich  aa  flow,  Kaalaiki 
quarry. 

P.  W.  Lipman 

W3836 

2, 830*60 

19*26 '28" 
IS5*20'38" 
Kilauea  Crater 

1,064 

Carbonaceous  soil  below  aa  of  the 
Keamoku  flow. 

P.  U.  Lipman 

W3845 

2 , 880±70 

19*22*20" 
155*23*56” 
Wood  Va 1 ley 

1,083 

Charcoal  root  fragments,  top  of 
Pahala  Ash  below  olivine-rich  ML 
pahoehoe  flow,  where  draped  over 
Kaoiki  fault  scarp,  Kaoiki  Pali. 

P.  W.  Lipman 

W4174 

2,890*70 

19*38'34" 

155*02*53** 

Hilo 

111 

Amorphous  sooty  material  underlying 
Panaewa  flow,  Hilo  side  of  Allied 
Aggregates  quarry. 

J.  P.  Lockwood 

W3841 

2,950*80 

19"20'02" 
153*24'29" 
Wood  Valley 

793 

Charcoal  root  fragments  from  Pahala 
Ash,  overlain  by  olivine-rich 
pahoehoe,  Puu  Kuanene  area. 

P.  W.  Lipman 

W 51 12 

3,110*60 

19*42*34'* 
155*16*22" 
Upper  Piihonua 

1,105 

Charcoal  rootlets  in  ash  mixed  with 
aa  clasts  at  base  of  pahoehoe,  over- 
lain  by  upper  Piihonua  Punahoa  flow, 
Wailuku  River. 

J.  P.  Lockwood 

W4621 

3,140*70 

19*42*17'* 

155*07*01" 

Hilo 

169 

Charcoal  root  at  contact  between  lava 
flow  and  ash  deposit,  overlain  by 
pahoehoe  with  spherical  vesicles,  698 
Kauroana  Dr. 

J.  M.  Buchanan- 
Banks 

UJ  542 

3,200*200 

19*36*23" 
155*40*21" 
Puu  0 Uo 

2,131 

Charcoal  roots  beneath  thick  pahoehoe 
toes,  overlain  by  Kaniku  flow,  Naio- 
mamani  Kipuka. 

J.  P.  Lockwood 

W4629 

3,360*80 

19*41*52" 
155*07*29" 
Hi  lo 

216 

Charcoal  roots  beneath  thin  pahoehoe 
flow  at  contact  with  thick  ash  deposit, 
underlies  1880  flow  and  overlies  ash, 
Waipahoehoe  Stream,  Ponahawai 
Homesteads,  N.  of  Kaunana  Dr. 

J.  M.  Buchanan- 
Banks 

V5536 

3,360*200 

19*50*47" 
155*47*12" 
Puu  Anahulu 

756 

Charcoal  roots  in  basal  aa  breccia, 
under  Mamalahoa  Highway,  Kaniku 
euhedral  olivine  laths  with  aa, 
Highway  190,  E.  of  1859  contact. 

J.  P.  Lockwood 

W4624 

3,380*80 

19*43 '00" 
155*08*08" 
Pi ihonua 

256 

Charcoal  tree  Lrunk  in  acaled  tree 
mold,  overlain  by  KPUA  pahoehoe, 
Wai luku-Atenaio  diversion  canal, 

N.  of  Waianuenue  Ave. 

J.  M.  Buchanan- 
Banks 

W5107 

3,450*60 

19*42*56" 
155°09'H’’ 
Pi ihonua 

299 

Charcoal  root  at  base  of  tree  mold, 
Lsuiole  Falls  pahoehoe,  overlain  by 
Waianuenue  pahoehoe,  Wailuku  River, 
20  n»  E.  of  Hilo  County  Water  Depart- 
ment gauging  Ladder. 

J.  P.  Lockwood 

W5604 

3,450*200 

19*42*50" 

155*05*56" 

Hilo 

67 

Charcoal  (rerun  of  W-5081, 
age  3920180). 

J.  M.  Buchanan- 
Banks 

Digitized  by  Google 


10.  HAWAIIAN  RADIOCARBON  DATES 


229 


TABLt  10. 1.  — Radimarbcn  dUrj  from  Manna  Lna  Vokano,  frfani  of  flaarii — Continue*! 


Sample 

Radiocarbon 
age  (years 
before 
present) 

Location 
( latitude, 

longitude.  Elevation 

quadrangle)  (a) 

Sample  and  site  description 

Collector 

V4223 

3,600*70 

19*08 '41" 
155*36' 58" 

Punaluu 

983 

Charcoal  roots  in  Pahala  Ash, 
overlain  by  transitional  aa-pahoehoe 
containing  sparse  large  olivine  and 
plagioelaae  phenocrysts,  roadcut, 
Mountain  House  tunnel  road. 

P.  W.  Lipman 

W2016 

3*620*250 

19*04' 15" 

155"36'52" 

Naalehu 

326 

Charcoal,  depth  417  cm,  underlying 
surface  pahoehoe  lava  flow,  Bishop 
Museum  cesspool  excavation,  Waiohinu. 

R.  R.  Doell 

W5086 

3,630*80 

19*25*25" 
155*20* 50" 
Kilauea  Crater 

1,244 

Charcoal  roots  in  patches  in 
unconsolidated  oxidised  ash,  over- 
lain  by  Upper  Strip  Rd.  phenocryst- 
picrite  pahoehoe,  1.9  km  N.  of 
Kapapala  Ranch  corral. 

J.  P.  Lockwood 

V4574 

3,700*70 

19*43 ’05" 
155*08 ' 18" 
Pi ihonua 

263 

Charcoal  roota  beneath  young  tube- 
fed  pahoehoe,  overlying  massive 
olivine-rich  aa,  KPUA  flow,  Wailuku 
River,  across  from  KPUA. 

J.  P.  Lockwood 

W856 

3,740*250 

19*04 ’00" 

1 55*37*00" 
Naalehu 

326 

Charcoal,  under  pahoehoe  flow  in 
churchyard,  Waiohinu. 

K.  J.  Hurata 

W4164 

3,750*70 

19*16*02" 

135*36*38" 

Keaiwa  Reservoir 

1,996 

Charcoal  fragments,  base  of  aa  flow 
which  contains  abundant  small 
plagioclase  phenocrysts,  Puu  Kinikini. 

P*  W.  Lipman 

W5565 

3,790*200 

19*42*56" 

155*18*53" 

Upper  Piihonua 

1,314 

Charcoal  root  fragments,  at  base  of 
Wailuku  River  olivine-pahoehoe  flow, 
S.  bank  of  river,  500  m upstream  from 
Water  Gauging  Station  Trail. 

J.  P.  Lockwood 

W4IS2 

3,800*90 

19*08*53" 

155*30*58" 

Punaluu 

84 

Charcoal  fragments  from  thin  lens  of 
Pahala-like  ash  below  transitional 
hummocky  pahoehoe-aa  flow,  Highway  11 
roadcut . 

P.  W.  Lipman 

W4009 

3,900*80 

19*11*22" 
155*31  '42** 
Punaluu 

488 

Carbonised  wood,  base  of  Punaluu  as 
flow,  Punaluu  Gulch* 

P.  V.  Lipman 

W4132 

3,900*90 

19*09*39" 

155*32*33" 

Punaluu 

372 

Charcoal  roots  from  thin  lena  of 
Pahala-like  ash,  below  pahoehoe  flow, 
Ninole  Gulch. 

P.  W.  Lipman 

W5081 

3,920*80 

19*42*30" 

135*05*56" 

Hilo 

67 

Charcoal  from  stream  deposit  between 
two  pahoehoe  flows,  overlain  by 
Kulaloa  flow,  Alenaio  Stream  at 
Komohana  St. 

J.  M.  Buchanan— 
Banks 

W1046 

4,030*350 

19*21*54" 
155*23 '06" 
Wood  Valley 

911 

Charcoal  in  sandy  silty  ash,  top  of 
Pahala  Ash,  Hamalahoa  Highway, 
Kaoiki  Pali. 

G.  A.  Macdonald 

W3803 

4,050*50 

19*42*48" 

155*07*05" 

Hilo 

152 

Soil,  rich  in  organic  matter  and 
containing  bits  of  charcoal,  from 
cesspool  excavation,  Kauman.i  area  of 
Hilo. 

J.  P.  Lockwood 

W4358 

4,070*70 

19*35*41" 

155*20*41" 

Kulani 

1,762 

Fine  charcoal  rootlets  in  sooty 
organic  layer  at  base  of  Kulani 
pahoehoe,  underlying  thick  lobe  of 
pahoehoe,  1 .2  km  NW.  of  Mauna  Loa 
Boys*  School. 

J.  P.  Lockwood 

W4957 

4,170*90 

19*41*06" 
155*08*46" 
Pi ihonua 

354 

Charcoal  atop  orange  ash.  Wilder  Rd. 
pahoehoe,  under  Kulaloa  flow,  400  m 
S.  of  Humuulu  Saddle  Rd. 

J.  P.  Lockwood 
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Table  10. 1 . — Radntuirbon  daki  from  Mama  Loa  Volcano,  bland  of  Haaad — GonUnutd 


Sample 

Rad iocarbon 
age  (years 
be  fore 
present) 

Location 
( latitude, 
longitude, 
quadrangle) 

Elevation 

<■) 

Sample  and  site  description 

Collector 

W4993 

4, 210180 

19*4 1 '29" 

1 55*09 '08" 

Pi  i bonus 

372 

Charcoal  exposed  at  base  of  pahoehoe 
by  slumping  of  underlying  ash  along 
strcambcd,  under  Piihonua  pahoehoe, 
W.  of  Akolea  Rd.,  Kaliuiki  Stream. 

J.  P.  Lockwood 

M3855 

4, 210190 

19*25*25" 
155*20*22" 
Xilauea  Crater 

? 

Charcoal  from  Pahala  Ash,  below 
phcnocryst-poor  aa  flow  draped  on 
Kaoiki  fault  scarp. 

P.  W.  Lipman 

W3844 

4,340180 

19*21  *52** 
155*23  * 1 6" 
Wood  Valley 

920 

Charcoal  fragments  from  soil  zone 
below  aa  flow,  draped  over  Kaoiki 
fault  scarp. 

P.  W.  Lipman 

W5077 

4,4101120 

19*41*24" 

133*07*12*' 

Kilo 

183 

Vegetative  mat  beneath  surficial 
pahoehoe  at  contact  with  underlying 
ash,  overlain  by  Wilder  Rd.  pahoehoe, 
Brilhante  property,  Edita  Rd. 

J.  M.  Buchanan- 

Banks 

W4982 

4, 690160 

19*43*07" 

155*16*30" 

Piihonua 

1,160 

Charcoal  from  yellow-brown  ash 
overlain  by  aa  of  MX  hawaiite, 
N.  bank  of  Wailuku  River. 

J.  P.  Lockwood 

W4224 

4, 770±90 

19*09 '14" 

155*36*59" 

Punaluu 

1,044 

Charcoal  roots  in  Pahala  Ash, 
overlain  by  phcnocryst-poor 
pahoehoe  flow,  roadcut  on  Mountain 
House  tunnel  road. 

P.  W.  Lipman 

W3567 

4,7901250 

19*42* 36" 
155*18*30" 
Upper  Piihonua 

1,292 

Charcoal  root  fragments  in  scattered 
pockets  of  soft  MK  ash  at  base  of 
dense  aphanitic  aa  of  Upper  Wailuku 
River,  S.  bank  of  river. 

J.  P.  Lockwood 

W4135 

5,1601100 

19*09*38" 

155*32*33" 

Punaluu 

369 

Charcoal  roots  from  thin  layer  of 
Pahala-likc  ash,  overlain  by 
phenocryst-poor  pahoehoe  flow, 
Ninole  Gulch. 

P.  W.  Lipman 

W4536 

5,2501100 

19*36*40" 

155*01*55" 

Mountain  View 

98 

Large  charcoal  root,  Puna  Sugar 
Picrite  aa,  overlying  yellow-red  ash, 
700  m SW.  of  plantation  house, 
Keaau-Pahoa  Rd. 

J.  P.  Lockwood 

W3862 

5,650190 

19*32*34" 

155*07*28" 

Mountain  View 

528 

Charcoal  fragments,  top  of  Pahala- 
type  ash  overlain  by  young  ML  aa 
flow,  SW.  of  Mountain  View. 

P.  W.  Lipman 

W3930 

6,1601110 

19*25*05" 
155*35*42" 
Naa  lehu 

567 

Charcoal  root  fragments  in  ash, 
overlain  by  transitional  pahochoc-aa 
ML  flow,  Alapai  Gulch. 

P.  W.  Lipman 

W 5599 

7, 2301230 

19*40*48" 

155*04*31" 

Kilo 

76 

Carbonaceous  roots  at  top  of  ash 
layer,  overlain  by  Malaai  aa,  Kilo 
Golf  Course,  drainage  ditch  N.  of 
iiaihai  St. 

J.  M.  Buchanan- 
Banks 

W4117 

7,3001100 

19*04*19" 

1 55*33  '26" 
Naa  lchu 

21 

Carbonaceous  soil  from  ash  at  base 
of  top  ML  flow,  bay  S.  of  Kahukupoko 
Point. 

P.  W.  Lipman 

W43S1 

7, 750170 

18*56*37" 
155*40'48" 
Ka  Lae 

98 

Charcoal  and  soil  from  top  of  Pahala 
Ash,  along  contact  with  flow  in 
Kahawai  Kolano  gully,  0.6  kn  F.NE.  of 
Pacific  Missile  Range  Facility. 

J.  P.  Lockwood 
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Tabu.  10. 1. — Radiocarbon  dates  from  Mama  Loo  Volcano,  Island  of  Heuxm  — Continued 


Radiocarbon  Location 
age  (years  (latitude, 

Sample  before  longitude,  Elevation  Sample  and  site  description  Collector 

present)  quadrangle)  (a) 


W3813 

7,950±110 

19*08*45** 
153*30*  58" 
Punaluu 

76 

Black  carbonaceous  soil  at  top  of 
Paha  la  Ash,  Puehu  quarry. 

J.  P.  Lockwood 

W4991 

7, 960±1 10 

19*30*44" 

155*19*36** 

Kulani 

1,658 

Charcoal  rootlets  at  contact  between 
Keauhou  Ranch  picrite  and  nearly 
buried  spatter  cone,  middle  of 
logging  road,  900  m W.  of  Puu  Lalaau. 

J.  P.  Lockwood 

W4969 

8,030*70 

19*39 '16" 
155*08'21M 
Pi ihonua 

372 

Organic  matter  in  tones  around  aa 
clasts  at  base  of  D.  Smith  flow, 
Waiakea  Stream,  1.9  km  above  Hoaka 
Kd.  Bridge. 

J.  P.  Lockwood 

W4821 

8,330*90 

19*21*49" 
153*23* 18" 
Wood  Valley 

930 

Rootlets  and  carbonaceous  sooty  ash, 
top  of  Pahala  Ash,  Halfway  House 
picrite-rich  pahoehoe  that  mantles 
Kaoiki  Pali  here,  halfway  up  prominent 
gully  at  Old  Halfway  House. 

J.  P.  Lockwood 

W3853 

8,330*100 

19*25*11" 
155*20*20" 
Kilauea  Crater 

1,122 

Charcoal  root  fragments  from  soil 
tone,  overlain  by  ML  pahoehoe  flow, 
interbedded  with  Pahala  Ash,  or 
reworked  ash,  Kaoiki  Pali. 

P.  W.  Lipman 

U4803 

8,740*100 

19*26*08" 
155*19 ’45" 
Kilauea  Crater 

1,219 

Soft  charcoal  rootlets  in  soot  below 
thick  Strip  Rd.  pahoehoe,  in  prominent 
deep  gully  near  National  Park  SW. 
boundary  fence,  1.5  km  SW.  of  Strip  Rd. 
in  Kipuku  Ki. 

J.  P.  Lockwood 

W4973 

9,020*130 

19*39 ' 38" 
155*07 '40" 
Pi ihonua 

274 

Charcoal  rootlets  in  thin  ash  at  base 
of  flow,  overlain  by  Puu  Hoakalei 
picrite  (low,  Waiakea  Stream,  500  m 
upstream  from  Hoaka  Rd.  bridge. 

J.  P.  Lockwood 

U4372 

9,080*80 

19*02 '4 5" 
155*33'32" 
Naa lehu 

37 

Sooty  soil  at  top  of  ash  zone, 
Haniania  Pali,  overlain  by  olivine 
-rich  pahoehoe,  top  of  seacliff, 

100  m NE.  of  contact  with  plagioclase 
-phyric  flow. 

P.  W.  Lipman 

U4201 

9,170*100 

19*12'26M 
155*32 ' 1 7" 
Punaluu 

632 

Charcoal  roots  in  Pahala  Ash,  over- 
lain  by  phenocryst-poor  pahoehoe 
flow,  part  of  flow  sequence  from  ML 
that  laps  out  against  eroded  Ninole 
Hills,  Upper  Moaula  Culch. 

P.  W.  Lipman 

W4419 

9,300*130 

19*09*46" 
155*29' 51" 
Paha  la 

64 

Charcoal  roots  in  soil  and  ash 
below  lava  flow,  under  crystal-poor 
ML  flow,  in  kipuka,  Punaluu  Culch. 

N.  C.  Banks 

W3840 

9,300*140 

19*25'05" 
155*24*29" 
Kilauea  Crater 

1,144 

Charcoal  rootlets  and  carbonaceous 
soil  from  Pahala  Ash  between  two  ML 
aa  flows,  draped  over  Kaoiki  fault 
scarp,  Kaoiki  Pali* 

P.  W.  Lipman 

W4529 

9,540*110 

1 9*39 '14" 
155*08*22" 
Pi ihonua 

379 

Charcoal  roots  and  wood  fragments 
beneath  capped  tree  mold,  Old  Waiakea 
Uka  aphanitic  pahoehoe,  Waiakea  Stream, 
between  Hoaka  and  Ainaole  Rds. 

J.  P.  Lockwood 

W4884 

9,780*140 

19*39 ’32" 
155*06*03" 
Hi  lo 

201 

Charcoal  tree  root  in  thin  ash 
deposit  under  plagioclase  phyric 
pahoehoe,  Waiakea  Homesteads,  stream- 
bed,  Alaloa  Rd. 

J.  N.  Buchanan- 
Banks 
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Tabu.  10.  l.-^Hodtocarban  daks  from  Mauna  Loa  Volcano,  island  of  Hcuuii — Continued 


Radiocarbon  Location 
age  (years  (latitude, 

Sample  before  longitude,  Elevation  Sample  and  site  description  Collector 

present)  quadrangle)  (m) 


W5087 

9,960±70 

19*39' 19" 
155*08' 17" 
Piihonua 

360 

Charcoal  in  brown  layer  of  thick 
yellow  ash  at  base  of  pahoehoe,  under 
very  old  pahoehoe  of  Waiakea  Stream, 
1.7  kn  upstream  from  Hoaka  Rd . bridge. 

J.  P.  Lockwood 

W5092 

10,0901120 

19°43'06" 
155*16'23" 
Upper  Piihonua 

1,097 

Charcoal  roots  at  base  of  Uailuku 
River  pahoehoe,  in  ash  deposit  which 
overlies  MK  rocks,  S.  bank  of  Uailuku 
River. 

J.  P.  Lockwood 

W9G7 

10,1401300 

19*03 '00" 

1 55*35*00” 

Naalehu 

61 

Carbonaceous  ash  exposed  in  sea  cliff, 
S.  of  Honuapu,  top  of  Pahala  Ash, 
which  is  underlain  and  overlain  by 
basalt,  Naniani  Pali. 

C.  D.  Fraser 

W5103 

10,130180 

1 9*42 '23" 
153*12 '02" 
Pi  ihonua 

663 

Coarse  charcoal  at  base  of  tree  mold. 
Upper  Wailuku  River  young  pahoehoe, 
under  Punahoa  flow,  Uailuku  River, 

70  ■ above  waterfall. 

J.  P.  Lockwood 

W4160 

10, 2901130 

19*06*01" 

155*33*34" 

Naalehu 

186 

Charcoal  roots  in  Pahala  Ash,  over- 
lain  by  phcnocryst-poor  pahoehoe 
flow,  Honuapu. 

P.  W.  Lipman 

U 5072 

10,320170 

19*39*32" 
155*07*51" 
Pi ihonua 

305 

Charcoal  root  beneath  pahoehoe  at 
contact  with  underlying  ash  deposit, 
overlain  by  D.  Smith  and  University 
of  Hawaii  flows,  Waiakea  Stream  in 
Waiakea-Uka,  Kalana  Place. 

J.  M.  Buchanan- 
Banks 

W4995 

10,4001130 

19*30*53" 

155*19*11" 

Kutani 

1,635 

Root  fragments  under  pahoehoe  flow 
that  overlies  Puu  Lalaau  olivine- 
rich  spatter,  N.  bank  of  water  hole, 
50  m NV.  of  Puu  Lalaau. 

J.  P.  Lockwood 

U4623 

10,6101130 

19"43'24" 
155*06 *39" 
Hilo 

140 

Charcoal  root  at  contact  between 
lava  rubble  and  ash,  under  Wailuku 
River  channel  aa,  W.  of  Rainbow  Falls. 

J.  M.  Buchanan- 
Banks 

V4014 

10,B20i90 

19*08 '18" 

155*32*56" 

Punaluu 

229 

Charcoal  roots  in  uppermost  main 
Pahala  Ash,  near  tree  molds  in 
overlying  pahoehoe  flow  sequence, 
Hi  lea  Gulch. 

P.  W.  Lipman 

W3487 

11, 7801100 

18“ 38 '18" 
155°37'18" 
Ka  Lae 

5 

Charcoal  fragments  in  Pahala  Ash 
overlain  by  an  intercalated  baaalt 
flow,  W.  side  of  Kaaluala  Bay,  9.2  km 
KE.  of  South  Point. 

J.  P.  Lockwood 

W412 1 

13,2101190 

19*04 '20" 
153*33*25" 
Naa lehu 

15 

Carbonaceous  soil  from  ash  at  base 
of  middle  flow  sequence,  bay  S.  of 
Kahukupoko  Point. 

P.  W.  Lipman 

W 4627 

13,3301180 

19*43*12" 

155*06*32" 

Hilo 

99 

Crumbly  rootlets  at  top  of  ash 
deposit  at  contact  with  overlying 
pahoehoe,  Rainbow  Falls  intersection, 
Uaianucnuc  Avc.  and  Kaumana  Dr. 

J.  M.  Buchanan- 
Banks 

W4392 

13,8001300 

19*32*51" 

155*55'57" 

Kealakekua 

439 

Charcoal  from  shrub  in  soil,  on 
picritic  basalt  flow,  under  basalt 
flow  from  Hualalai  in  Honalo,  E.  side 
of  Hamalahoa  Highway. 

R.  B.  Moore 

W4971 

14,080il30 

19*43*14" 

153*07*13" 

Hilo 

162 

Tree  charcoal  at  contact  between 
pahoehoe  flow  and  basal  ash,  under- 
lying  picrite-porphyritic  pahoehoe, 
parking  lot  of  First  Protestant  Church, 
Waianucnuc  Ave. 

J,  M.  Buchanan- 
Banks 
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TABLE  10. 1. — Radiocarbon  data  from  Slama  Imo  Volcano,  liland  of  Homan — Continurd 


Sample 

Radiocarbon 
age  (years 
before 
present) 

Location 
C latitude, 
longitude, 
quadrangle) 

Elevation 

(•) 

Sample  and  site  description 

Collector 

W5091 

14,080*160 

19*42*41" 

155*10*05" 

Pi  ihonua 

451 

Charcoal  roots  at  base  of  pahoehoe  in 
kipuka  of  yellow  ash,  underlying 
Punahoa  flow,  Kahoama  Stream,  upstream 
from  Wailuku  River. 

J.  P.  Lockwood 

W 4973 

14,370*190 

19*42*58" 

155*07'25" 

Hilo 

186 

Charcoal  tree  root  beneath  pahoehoe  J.  M.  Buchanan- 

flow  at  contact  with  underlying  ash,  Banks 

overlain  by  porphyritic  pahoehoe,  Ainaloa 
Subdivision,  Kaeokulani  St. 

W 4620 

14,500*200 

19*45*20" 

155*07*27" 

Hilo 

163 

Charcoal  root  at  contact  between  ash 
unit  and  pahoehoe  flows  sequence, 
which  underlies  thick  ash,  saprolite, 
and  lava  from  MX,  Wailuku  River. 

J.  M.  Buchanan- 
Banks 

W497? 

14,530*120 

19*43*05" 
155*07  *01" 
Hilo 

146 

Charcoal  roots  at  contact  between 
pahoehoe  flow  and  underlying  ash, 
overlain  by  picritc-porphyr itic 
pahoehoe,  Kaumana  Springs,  Waianuenue 
Ave. 

J.  M.  Buchanan- 
Banks 

W4894 

21,900*270 

19*39*32" 

1 55*07*  51" 
Pi ihonua 

305 

Charcoal  root  beneath  pahoehoe  in  ash 
deposit,  underlying  picrite-rich  and 
olivine-poor  pahoehoe,  Waiakea  Stream 
in  Waiakca-Uka,  Kalana  Place. 

J.  M.  Buchanan- 
Banks 

W4890 

23,840*600 

19*41*50" 

155*07*25" 

Hilo 

207 

Charcoal  root  in  ash  deposit,  between 
pahoehoe  flows,  Waipahoehoe  Stream, 
Chong's  Bridge. 

J.  M.  Buchanan- 
Banks 

W5075 

24,240*500 

19*39'40" 

155*07*38" 

Piihonua 

268 

Charcoal  roots  beneath  pahoehoe  at 
contact  with  underlying  ash  deposit, 
underlies  University  of  Hawaii  and 
D.  Smith  aa  flows,  Waiakea  Stream 
in  Waiakea-Uka,  Hoaka  Rd. 

J.  M.  Buchanan- 
Banks 

W4019 

26,410*390 

19*08*19" 

155*32*53" 

Punaluu 

183 

Thin  carbonaceous  mat,  scraped  from 
base  of  pahoehoe  flow  of  the  Ninole 
volcanic  rocks,  Hi  lea  Gulch. 

P.  W.  Lipnan 

W5094 

28,120*400 

19*41  *53*' 

155*08*06" 

Piihonua 

256 

Charcoal  rootlets  at  top  of  yellow 
ash,  overlain  by  Punahoa  flow, 
overlies  old  picrite-rich  flow, 
Lower  Kaluiiki  Stream,  600  m W.  of 
Chong's  Bridge. 

J.  P.  Lockwood 

U4368 

28,150*800 

18*56*20" 
155*38*50" 
Ka  Lae 

9 

Carbonaceous  soil  under  pahoehoe  flow 
interlayered  with  main  unit  of  P.ihala 
Ash,  sea  cliff  exposure,  75  n SW.  of 
margin  of  Puu  0 Mahaua  Cone. 

P.  W.  Lipaan 

W5452 

28,200*600 

19*41*50" 
155*08 *14" 
Pi ihonua 

287 

Charcoal  roots  under  aphanitic 
pahoehoe  flow,  Kaluiiki  Stream. 

J.  P.  Lockwood 

W3935 

31,100*900 

19*04*16" 
155*33 '24" 
Naalehu 

1.5 

Charcoal  roots  in  Pahala-like  ash, 
at  base  of  tree  mold  in  overlying  ML 
aa  flow,  base  of  sea  cliff  in  bay  S. 
of  Kahukupoko  Point. 

P.  W.  Lipman 

U4128 

31,400*1,600 

19*29*07" 

1 55*55'53" 

Honaunau 

5 

Charcoal  fragments  in  ash,  overlain 
by  small  pahoehoe  lobe  of  mainly  aa 
flow,  along  prominent  main  ash  bed 
exposed  along  Pali  Kapu  Keoua, 
Kealakekua  scarp. 

P.  W.  Lipman 

W5105 

>38,000 

19*42'25" 
155*12'06" 
Pi  ihonua 

664 

Charcoal  fragments  at  top  of  thick 
ash,  overlain  by  Homelani  ash,  in  turn 
overlain  by  Punahoa  aphanitic  pahoehoe. 
Upper  Wailuku  River. 

J.  P.  Lockwood 

Digitized  by  Google 


234 


VOIXAN15M  IN  HAWAII 


TABLE  10.2 — Radiocarbon  data  from  Kiimuo  Volcano,  Idand  of  Honan 

(.S ampin  lutrd  m wdn  of  incrrauaig  a«r ; Mtrrlwnl;  i*  mi*  dmd«ni  (l**nltim.  2 l<T.  BMim  agr  wui  umplr  i»  young™  tlkM  AD  1950,  Ml.  = Maun*  1m,  MK  = Mono*  K»». 
irvivka  - toward  the  (nounUm.  makai  - (award  (hr  m«;  w*  hgt  10.2-10.4  fur  lacahlan.  5(taltgi*phu  SOOMclaMN  from  1 jngrnK«-im  ood  (Ugur  Uk*p*<-(  I , part  II)] 


Sample 

Radiocarbon 
age  (years 
before 
present) 

Locat  ion 
( latitude, 

longitude,  Elevation 

quadrangle)  (m) 

Sample  and  site  description 

Collector 

W2999 

Modern 

19*24 *18" 
155*14 ' 53" 
Volcano 

1,166 

Humus  layer  in  yellow  ash,  overlying 
pahoehoe  flow  of  prehistoric  age, 
lhurston  Lava  Tube. 

R.  I.  Tilling 

W3481 

Modern 

19*24*00'* 
155*20*00" 
Kilauea  Crater 

1,076 

Wood  (ohia)  from  fallen  tree  in 
ohia-koa  forest,  in  aa  and  ash. 

J.  P*  Lockwood 

W 3486 

Modern 

19*22*00" 

15 5*18 '00" 
Kilauea  Crater 

1,257 

Wood  (ohia)  from  fallen  tree  in 
kipuka,  overlying  pahoehoe. 

J.  P.  Lockwood 

W4122 

Modern 

19*26*37" 

155*1 5 '05" 
Kilauea  Crater 

1,196 

Charcoal,  60-80  cm  above  base  in 
llthic  ash  of  upper  Keanakoi,  makai 
aide  of  liwi  Road  across  from  Lockwood 
house. 

J.  P.  Lockwood 

W4637 

Modern 

19*28*36" 
154*53'25" 
Pahoa  South 

177 

Charcoal  rootlets,  underlying  thin 
Puu  Pilau  flow,  W.  side  of  quarry. 

R.  B.  Moore 

W 5321 

Modern 

19*19*21" 
155*22 '46" 
Wood  Valley 

786 

Wood  and  charcoal  roots  below  tree 
mold  underlying  historical  but 
undescribed  shield,  N.  of  1920  lava 
flow. 

N.  G.  Banks 

W 2970 

<200 

19*30*06" 
154*51 '48" 
Kapoho 

61 

Wood  from  Kapoho  Cone,  E.  rift 
zone. 

R.  1.  Tilling 

W3467 

<200 

19*22*27" 

15 5*08' 10" 
Makaopuhi  Crater 

765 

Charcoal  underlying  fountain-fed 
pahoehoe  flow,  SE.  side  of  smaLl 
crater  SE.  of  Napau,  E.  rift  cone. 

R.  T.  Holcomb 

W 3468 

<200 

19*22 '27" 

155*08' 10" 
Makaopuhi  Crater 

765 

Charcoal  in  root  mold  where  lava 
flowed  into  crack,  underlying 
fountain-fed  pahoehoe,  E.  rift  zone. 

R.  T.  Holcomb 

W 3480 

<200 

19*24'00" 

1 55“20'00" 
Kilauea  Crater 

1,079 

Wood  (ohia)  from  kipuka  of  older  aa 
lava  surrounded  by  finer,  fresher 
aa  of  the  Keamoku  flow. 

J.  P.  Lockwood 

W3483 

<200 

19*24 '00" 

1 55*20'00" 
Kilauea  Crater 

1,076 

Wood  (ohia)  from  standing  tree  in 
ohia-koa  forest. 

J.  P.  Lockwood 

W 3485 

<200 

19*21 '00" 

1 55*14  *00" 
Makaopuhi  Crater 

920 

Wood  (ohia)  from  standing  tall  tree, 
in  Ainahou  Ranch  pahoehoe. 

J.  P.  Lockwood 

W 3886 

<200 

19*26'48" 
155*19  *09" 
Kilauea  Crater 

1,283 

Charcoal  fragments  in  Keanakakoi  ash, 
from  pit,  Kipuka  Ki. 

P.  W.  Lipman 

W 359 

<200 

19*24*55" 
154*55*50" 
Pahoa  South 

69 

Charcoal  in  tree  mold  in  prehistoric 
pahoehoe,  E.  rift  zone,  Puna. 

C.  A.  Macdonald 

W3937 

<200 

19*1 7'37" 
155*24*24" 
Wood  Valley 

? 

Charcoal  from  tree  mold  where  lava 
ponded  rapidly  against  the  base  of  a 
fault  scarp. 

R.  T.  Holcomb 

W4184 

<200 

19*19*48" 
155*12*59" 
Makaopuhi  Crater 

765 

Charcoal  underlying  tube-fed  pahoehoe 
in  large  kipuka,  E*  rift  zone, 

Ainahou  Range. 

J.  P.  Lockwood 

W4436 

<200 

19*12*13" 
155*27 ’58" 
Paha  la 

218 

Charcoal  roots  in  soil  layer  under- 
lying  young  pahoehoe,  671  m E.  of 
benchmark  803  on  Highway  11  just  N. 
of  Pahala  turnoff. 

N.  G.  Banks 
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Table  10.2  — Radicxarban  date!  fmm  K'dauta  Volr.no,  Idand  of  HaMii — Conttwed 


Sample 

Rad iocarbon 
age  (years 
before 
present) 

Location 
( latitude, 

longitude,  Elevation 

quadrangle)  (m) 

Sample  and  site  description 

Collector 

U4449 

<200 

l 9*35*16" 
155*01*01" 
Mountain  View 

96 

Charcoal  roots  in  baked  ash  beneath 
aurficial  lava  flow  at  Vaipahoehoc 
Gulch,  E.  rift  zone,  S.  bank  of  gulch 
along  S.  margin  of  Puna  Sugar  Co* 
field  20. 

R.  T.  Holcomb 

W4452 

<200 

19*1 5'35" 
l 55*24 ' 3 7" 
Wood  Va 1 ley 

530 

Charred  wood  from  within  the  hollow 
interior  of  scaled  lava  tree 
protruding  from  surface  of  Red  Cone 
flow,  along  gaping  eruptive  fissures 
about  1 km  uprift  from  Red  Cones, 
along  the  SW.  rift  zone. 

R.  T.  Holcomb 

W4573 

<200 

19*34'53" 
155*03*43" 
Mountain  View 

244 

Charcoal  roots  in  ash  beneath  thin 
tube-fed  pahoehoe  of  the  Kurtiatown 
Kilauca  flow,  400  m SW.  of  Kurtiatown 
Assembly  of  God  Church. 

J.  P.  Lockwood 

W4638 

<200 

19*28 '28" 

1 54*54 ’01" 
Pahoa  South 

204 

Charcoal  rootlets  in  young  flow 
overlying  Kiapu  Cone  in  Leilani 
Estates. 

R.  B.  Moore 

W4639 

<200 

19*28 '55" 
154"55'00" 
Pahoa  South 

229 

Charcoal  under  tree  mold  beneath 
pre-1790  flow  in  Leilani  Estates, 
roadcut  on  Kahukai  St.,  N.  aide  of 
intersection  with  Kupono  St. 

R.  B.  Moore 

W4644 

<200 

19*28' 19" 
1S4*53'31" 
Pahoa  South 

171 

Charcoal  roots  in  soil  under  surface 
lava  flow,  in  roadcut  W.  side  of 
Malama  Homesteads  road,  80  m S.  of 
old  Pohoiki  Rd. 

R.  B.  Moore 

W4689 

<200 

19*28 '03" 
154*55'24" 
Pahoa  South 

242 

Charcoal  roots  in  thin  soil  under- 
lying pre-1790  flow,  roadcut, 

S.  Pomaikai  St.,  Leilani  Estates. 

R.  B.  Moore 

W5323 

<200 

19*19'43" 
155*22 '49" 
Wood  Va 1 ley 

792 

Wood  and  charcoal  at  edge  of  tree 
mold  and  in  underlying  roots,  beneath 
1920  lava  flow,  700  m N.  of  81-6 
geodimeter  station. 

M.  G.  Banks 

W 3938 

210*60 

19* 1 5’ 35” 
155*24'37" 
Wood  Valley 

7 

Charcoal  in  tree  mold,  3 m from 
eruptive  fissure. 

R.  T.  Holcomb 

W5110 

230*60 

19*19'01" 

1 55*13 '07" 
Makaopuhi  Crater 

512 

Charcoal  roots  along  vertical 
contact  between  Kamapuaa  flow  and 
pahoehoe  at  W.  flow  contact,  at  base 
of  Poliokeawe  Pali,  below  cascade 
drapery  125  m NE.  of  easternmost 
switchback  in  Ainahou  Ranch. 

J.  P.  Lockwood 

U3881 

260*70 

19*32 '47" 
155*05'53" 
Mountain  View 

415 

Charcoal  root  fragments  in  aah  below 
phenocryst-poor  Kilauca  pahoehoe,  in 
Fern  Acres. 

P.  W.  Lipman 

W4834 

300*70 

19*27' 55" 
155*15*25'* 
Kilauca  Crater 

1,187 

Charcoal  in  chick  organic  mat  under- 
lying Keanakakoi  Ash  Member  of  Puna 
Basalt  on  east-west  aection  of 
Wright  Road. 

J.  P.  Lockwood 

W4162 

310*70 

19*28*17" 

155*10*10" 

Volcano 

784 

Charcoal  roots  from  ash  at  base  of 
Kilauea  pahoehoe  flow,  SE*  side  of 
Wung  Ranch  quarry. 

P.  W.  Lipman 

V4470 

310*70 

19* 1 3*  02" 

1 55*27 '42" 
Paha  la 

341 

Charcoal  root  in  ash  underlying 
young  pahoehoe  lava  flow  exposed  in 
gully,  ME.  edge  of  macadamia  orchard. 

R.  T.  Holcomb 

Digitized  by  Google 


236 


VOLCANISM  IN  HAWAII 


FaBLF.  10.2. — Radhtarbon  data  from  Kilauea  Volcano.  Itland  of  1 lotion — Continued 


Sample 

Radiocarbon 
age  ( years 
before 
presen  t) 

LocaCion 
( latitude, 
longitude, 
quadrang le) 

Elevat ion 

(•) 

Sample  and  site  description 

Collector 

W4661 

320170 

19*33'09" 
155*01 '23" 
Mountain  View 

151 

Charcoal  in  tree  mold,  enclosed  in 
pahoehoe  flow  in  lki-Thur»con  lava 
tube  area,  located  near  private  home 
100  m W.  of  Melia  St.  in  Orchid 
Land  Estates. 

R.  B.  Moore 

W 38 1 1 

330±60 

19*13*02" 

1 55*2  7*42" 

Paha  la 

341 

Charcoal  fragments  from  Kilauea 
pahoehoe  flow,  beneath  young 
prehistoric  ML  pahoehoe  flow  exposed 
in  gully. 

J.  P.  Lockwood 

W3849 

340160 

19*28*02" 
155*15*05" 
Kilauea  Crater 

1,177 

Carbonaceous  soil  and  charcoal,  base 
of  pyroclastic  sequence,  underlying 
basal  reticulite  of  Keanakakoi  Ash, 
Member  of  Puna  Basalt  in  pit  in 
Olaa  Forest  Reserve,  depth  50  cm, 
Wright  Rd. 

P.  W.  Lipman 

W 5048 

340160 

19*29*00" 

154*52*05" 

Kapoho 

no 

Charcoal  in  tree  mold  underlying 
Honuaula  flow,  in  new  papaya  field 
100  m mauka  of  road  connecting 
Pohoiki  and  Kapoho  Rds. 

R.  B.  Moore 

W3800 

3501150 

19*26*14" 
154*56*07" 
Pahoa  South 

174 

Carbonaceous  debris  under  pre- 
historic as  flow,  depth  2 m,  in 
cesspool  excavation.  Puna. 

J.  P.  Lockwood 

W3870 

350160 

19*26'3B" 

155* 1 5'07" 
Kilauea  Crater 

? 

Clay,  rich  in  organic  matter  and 
containing  charcoal  fragments  near 
baae  of  Keanakakoi  Ash. 

J.  P.  Lockwood 

W5054 

440160 

19*24*05" 
154*55 '15** 
Pahoa  South 

15 

Charcoal  fragments  in  soil  under- 
lying Kehena  Beach  Section,  50  m N. 
of  small  old  quarry  on  makai  aide  of 
Highway  137. 

R.  B.  Moore 

W3842 

450160 

19*19*59" 

1 55*24 '20" 
Wood  Valley 

792 

Charcoal  fragments  from  soil  below 
phenocryst-poor  pahoehoe  flow  from 
Kilauea  along  base  of  Kaoiki  Pali, 
old  quarry,  SW.  rift  zone. 

P.  W.  Lipman 

W3941 

4S0i60 

19*35*16" 
155*01*06'* 
Mountain  View 

518 

Charcoal  from  top  of  ash  layer 
beneath  tube-fed  pahoehoe  flow 
partly  filling  old  stream  channel 
between  two  kipukas  of  ash-covered  aa 
apparently  derived  from  Mauna  Loa. 

R.  T.  Holcomb 

W5453 

4501110 

19*24 '00" 
155*05 '23" 
Kalalua 

677 

Charcoal  roots  overlain  by  prehistoric 
flow  SE.  of  Puu  Kahsualea,  250  m E. 
of  crack  that  consumed  January  1983 
erupt  ion. 

J.  P.  Lockwood 

W4688 

490160 

19*27'26" 

1 54*55*43" 
Pahoa  South 

274 

Charcoal  underlying  young  flow  W.  of 
Kaliu,  Lei  Uni  Estates,  South 
Kumakahi  St.,  40  m S.  of  intersection 
with  Malama  St. 

R.  B.  Moore 

W5275 

4901150 

19*17*17’’ 
155*21*11" 
Kau  Desert 

640 

Charcoal  in  soil  layer  recording 
old  fire,  buried  by  Keanakakoi  Ash, 
Member  of  Puna  Basalt,  15  ka  SW. 
of  crater. 

N.  G.  Banks 

W5143 

5001100 

19*18*09" 
155*20*29" 
Kau  Desert 

724 

Charcoal  roots  in  soil-ash  pockets 
underlying  Puu  Koae  aa. 

N.  G.  Banks 

W4404 

530170 

19*12*48’* 
155*27  *44" 

Pahala 

271 

Charcoal  roots  in  soil  beneath 
pahoehoe  flow,  0.7  km  SE.  of 
Highway  11  in  gulch  that  parallels 
the  highway. 

N.  C.  Banks 

Digitized  by  Google 
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TaBLE  10.2. — Ra&ocarbon  daks  from  XMsmas  Volcano,  Inland  of  Haani — Continued 


Radiocarbon  Location 
age  (years  (latitude, 

Sample  before  longitude,  Elevation  Sample  and  site  description  Collector 

present)  quadrangle)  (m) 


W5218 

550±70 

1 9*09*36" 
155*26*50" 
Paha  la 

15 

Charcoal  in  soil  pockets  underlying 
Ulekuwale  Pueo. 

N.  C.  Banks 

W4867 

570*70 

19°26*35" 

1 55*16  *24** 
Kilauea  Crater 

1,238 

Vitreous  fern  and  ohia  leaves  in 
organic  black  soot  lens,  underlying 
Keanakakoi  Ash,  Member  of  Puna  Basalt 
near  cesspool  excavation  at  SE.  end 
of  Dahlberg  residence,  150  m NW.  of 
golf  course  number  3 green. 

J.  P.  Lockwood 

W5423 

5 70±100 

19*25*38" 

1 5 5* 1 5 * 52 
Kilauea  Crater 

1,201 

Charcoal  rootlets  in  soil  developed 
within  Keanakakoi  surge  deposit,  on 
Sandalwood  Trail  between  steaming 
bluff  and  Volcano  House. 

J.  H.  Buchanan- 
Banks 

V4337 

620t70 

19*20*11" 
155*13*25" 
Makaopuhi  Crater 

815 

Charcoal  rootlets  at  base  of  tube-fed 
Ainahou  flow  located  1.5  km  SSE.  of 
Ainahou  Ranch  House,  Kamapuaa  flow, 

20  m E.  of  Poliokuwe  Pali  Rd. 

J.  P.  Lockwood 

W5I52 

660170 

19*19*41" 
155*19  *47" 
Kau  Desert 

853 

Charcoal  roots  in  mixed  ash  and 
colian  sand  under  pahoehoe. 

N.  G.  Banks 

W3860 

670160 

19*13*02" 

155*27*35" 

Paha  la 

399 

Charcoal  in  Pahala  ABh,  below  thin 
pahoehoe  (one  of  the  last  major 
prehistoric  flows  on  Kilauea  SW. 
rift  zone),  along  small  gully, 
tributary  to  Kaalaala  Gulch. 

P.  W.  Li  pm  an 

V4402 

700170 

19*17*44" 
155*08  '41** 
Kau  Desert 

658 

Charcoal  roots  in  soil  and  ash 
underlying  pahoehoe  flow,  325  m SW. 
of  Hilina  Pali  Rd.  end. 

N.  C.  Banks 

W3999 

730180 

19*27*04" 
155*14 '19" 
Volcano 

1,134 

Carbonaceous  soil  containing  small 
charcoal  fragments  from  beneath  toe 
of  pahoehoe  flow. 

P.  W.  Lipman 

W5147 

890170 

19*09*52’’ 

155*28*04" 

Pahala 

45 

Charcoal  roots  in  ash  pockets 
underlying  pahoehoe,  E.  side  of 
Puu  Pili  Rd.,  NW.  of  Puu  Pill. 

N.  G.  Ranks 

W4690 

900170 

19*27  *07" 
154*56*55" 
Pahoa  South 

348 

Charcoal  underlying  rootless  lava 
flow  located  in  cinder  pit  500  ■ W. 
of  Highway  13  in  Kamaili  Homesteads, 
SE.  psrt  of  Norona  Quarry. 

R.  B.  Moore 

W5215 

940170 

19*09 ' 79" 

155*26*44" 

Pahala 

46 

Charcoal  roots  in  discontinuous 
soil-ash  layer  under  pahoehoe,  E. 
of  Ulekuwale  Puco. 

N.  C.  Banks 

H4998 

960160 

19*26*11" 
155*16*59" 
Kilauea  Crater 

1,225 

Carbonized  leaves  in  vitric  ash 
rich  in  organic  material,  within 
Uwekahuna  Ash  Member  of  Puna  Basalt 
50  m E.  of  easternmost  point  of  Tree 
Molds  visitor  area  road. 

J.  P.  Lockwood 

W 5 2 1 1 

960170 

19*1 1 '34" 

155*27*26" 

Pahala 

145 

Charcoal  roots  in  soil  and  ash  under 
pahoehoe,  E.  side  of  flood  control 
ditch  makai  of  aa  gravel  borrow  pits. 

N.  G.  Banks 

W5319 

9701120 

19*27*20" 
155*  12 '25*' 
Volcano 

968 

Charcoal  twigs  and  rootlets  in  black 
sooty  soil  at  base  of  pahoehoe  flow 
underlying  Keanakakoi  Ash  Member  of 
Puna  Baaalt  located  at  Volcano  Dump 
off  Highway  ]]• 

J.  P.  Lockwood 

U3856 

1,040170 

19*28'02" 
155*15'05" 
Kilauea  Crater 

1,177 

Carbonaceous  clay  and  ash  at  base  of 
pyroclastic  base-surge  sequence, 
Uwekahuna  Ash  Member  of  Puna  Basalt 
just  N.  of  Kilauea  summit,  in  pit  of 
Olaa  Forest  Reserve,  depth  80  cm, 
Wright  Rd. 

P»  W.  Lipman 

Digitized  by  Google 
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TaBU-1  10.2. — Radiocarbon  data  from  Kilauea  Volcano,  Island  of  If autoii — Continued 


Sample 

Radiocarbon 
age  (years 
before 
present) 

Location 
( latitude, 

longitude,  Elevation 

quadrangle)  ( «a) 

Sample  and  site  description 

Col  lector 

W3827 

1 , 1 30±60 

19* 18' 06” 
155*18*23*' 
Kau  Desert 

704 

Charcoal  beneath  Kilauea  basalt  flow, 
overlying  Hilina  Series  rocks  exposed 
in  Poliokeawe  Pali* 

J.  P.  Lockwood 

W 5212 

1,140*70 

19*1 7*53° 
155*18 '38” 
Kau  Desert 

693 

Charcoal  roots  in  soil,  makai  edge 
of  trail  W.  of  Hilina  Pali  parking 
lot  in  the  first  gully* 

N.  C.  Banks 

W5135 

1 , 1 50*70 

19*19*46" 

1 55*1 6 ' 51" 
Kau  Desert 

892 

Charcoal  roots  in  soil  under  pahoehoe, 
Kipuka  Sene  flow,  surface  flow  in 
parking  lot* 

N.  G.  Banks 

W4674 

1 1 2 70i70 

19*28  * 1 9" 
154*53*31" 
Pahoa  South 

169 

Charcoal  rootlets  in  soil  underlying 
lava  flow  in  roadcut,  U.  side  of 
Malama  Homesteads  Rd . , 80  m S«  of  old 
Pohoiki  Rd. 

R.  B.  Moore 

W44I4 

1, 330160 

19*11*27" 

155*27'29" 

Paha  la 

146 

Charcoal  of  one  tap  root  below  a tree 
mold,  Cinder  Kills. 

N.  G.  Banks 

W4837 

1,480160 

19-27*55*' 
155*15’25" 
Kilauea  Crater 

1,187 

Organic  soot  within  the 
Uwe kahuna  Ash  Member  of  Puna 
Basalt  on  the  east-west  section 
of  Wright  Rd. 

J.  P.  Lockwood 

W4359 

1, 510160 

19*13' 56" 
155*27'35" 

Pahala 

399 

Carbonaceous  soil  under  thin  pahoehoe 
of  Kilauea  SE.  rift  zone,  small  gully, 
tributary  to  Kaalaala  Gulch,  25  km 
mauka  of  Highway  11* 

P.  W.  Lipman 

W5303 

1,650*150 

19*2 7 '55" 
155*15*25" 

Ki lauca  Crater 

1,187 

Dark  sooty  ash  with  charcoal  flakes 
(with  small  modern  rootlets  present) 
underlying  the  Wright  Road  Uwekahuna 
Ash  Member  of  Puna  Basalt  on  the  east 
-west  section  of  Wright  Rd* 

J*  P.  Lockwood 

W5097 

1, 790170 

19*28*40" 
155*17*23" 
Kilauea  Crater 

1,347 

Black  sooty  soil  from  organic  layer 
at  base  of  weathered  ash  unit,  over- 
lain  by  Uwekahuna  Ash,  Member  of 
Puna  Basalt,  Keauhou  Ranch, 

1.4  ka  E.  of  Puu  Oo  Trail,  2*2  km 
WSW.  of  end  of  Wright  Rd. 

J*  P.  Lockwood 

W 4 1 1 9 

1,800*80 

19*14'48” 

155*2 1 '09” 
Maliikakani  Point 

50 

Carbonaceous  baked  ash  containing 
charred  root  fragments  beneath  aa 
flow  mantling  Pahala  Ash  on  rim  of 
Kukalauula  Pali. 

R.  T.  Holcomb 

W4369 

2,070180 

19*28 ’ 1 7" 
155° 10' 10" 
Volcano 

786 

Charcoal  near  base  of  tree  mold  under 
pahoehoe  flow  exposed  in  quarry  on 
Wung  Rd.,  NW.  of  Highway  11. 

P.  W.  Lipman 

W 3859 

2, 080170 

19*28 '02" 

155*1 5'05" 
Kilauea  Crater 

1,177 

Carbonaceous  clay  and  ash,  underlying 
base-surge  sequence,  Uwekahuna  Ash, 
Member  of  Puna  Basalt  just  N.  of 
Kilauea  summit,  from  pit  in  01 aa 
Forest  Reserve,  depth  130  cm. 

P.  W.  Lipman 

U 5292 

2,080*150 

19*27*55" 

155*15*25" 
Kilauea  Crater 

1,187 

Dark  sooty  ash  with  charcoal  flakes 
(cleaned  of  modern  rootlets)  under- 
lying the  Uwekahuna  Ash  Member  of 
Puna  Basalt  on  Wright  Road  at  the 
same  location  as  W-5303  (age  1,650 
t 150). 

J*  P.  Lockwood 

W3885 

2,160*70 

19*28*17" 

1 55° 10 ' 10" 
Volcano 

786 

Charcoal  around  base  of  tree  mold  in 
crystal-poor  Kilauea  pahoehoe, 

Wung  Ranch  quarry. 

P.  W.  Lipman 

W5052 

2,360*90 

1 9*22 ' 55" 
154*57*29" 
Ka lapann 

9 

Charcoal  in  soil  underlying  early 
Heiheiahulu  pahoehoe  flow  with  tree 
molds  exposed  at  Kalapana  dump  on 
mauka  side  of  road. 

R.  B.  Moore 

Digitized  by  Google 
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TABLE  10.2. — Radiocarbon  ckMa  from  Kiiauca  Volcano,  I eland  of  Hauxu i — Continued 


Samp  le 

Radiocarbon 
age  (years 
before 
present) 

Location 
( latitude, 
longitude , 
quadrangle) 

Elevat ion 
(«) 

Sanple  and  site  description 

Collector 

W 201 

2, 5001250 

19*25*00" 

1 55°20 '00" 
Kitauea  Crater 

1,209 

Fern  mold  underlying  basaltic  pumice, 
excavation  for  N.  wing  of  Volcano 
Mouse,  Keanakakoi  Ash  Members  of  Puna 
Basa It. 

H.  A.  Powers 

W5345 

2,770*150 

19*27 '37" 
155*14' 52" 
Volcano 

1,160 

Charcoal  rootlets  at  base  of  pahoehoe 
flow  buried  by  Uwekahuna  Ash  and 
Keanakakoi  Ash  Members  of  Puna 
Basalt,  located  15  m E.  of 
Vright  Kd.  and  3.5  km  N.  of  Old 
Volcano  Highway. 

J.  P.  Lockwood 

W3831 

3, 480t80 

19*18*06" 
155*18*22" 
Kau  Desert 

703 

Charcoal  beneath  Kilauea  basalt  flow 
overlying  rocks  of  the  Hilina 
Basalt,  exposed  in  Poliokeawe  Pali. 

J.  P.  Lockwood 

W5324 

3,500*200 

19*11*23'* 
155*28*20” 
Paha  la 

137 

Charcoal  roots  in  soil  under  pahoehoe 
flow  at  right  angle  bend  of 
Old  Pahala  Dump  Kd.,  W.  aide  of  road, 
makai  of  bagasse  flume. 

N.  G.  Banks 

W4380 

3,560*60 

19*28*17** 

155*10'10" 

Volcano 

782 

Carbonaceous  soil  and  charcoal 
fragments  within  Vung  Quarry  ash 
sequence  on  Wung  Ranch,  Uwekahuna  Ash, 
Member  of  Puna  Basalt,  of  Highway  11. 

P.  V.  Lipman 

W3884 

3,610*60 

19*12*44" 

155*28*10" 

Paha  la 

177 

Charcoal  in  ash  below  olivine-rich 
pahoehoe  flow,  Pahala  vent. 

P.  U.  Lipman 

W4177 

3,690*70 

19*34*56" 
155*01*49" 
Mountain  View 

142 

Charcoal  beneath  pahoehoe  exposed  in 
trench,  Puna  Sugar  Pield  20,  SE. 
from  Keauu. 

3.  P.  Lockwood 

W3798 

4,820*90 

19*28*10" 
155*18*20" 
Kau  Desert 

698 

Carbonized  charcoal  tree  fern  (hapuu) 
from  ash  directly  above  lava  dated 
by  V-3809  (age  10,680  ± 130),  from 
new  scar  formed  during  1975  earthquake 
Hilina  Pali. 

J.  P.  Lockwood 

W3873 

6,620*150 

i9oi7'ir* 
155*18*15" 
Kau  Desert 

? 

Ash  rich  in  organic  material  and 
containing  charcoal  fragments  from 
uppermost  level  of  thick  Pshala  Ash 
sequence,  W.  side  Keans  Bihopa  Arroyo, 
Hilina  Pali. 

J.  P.  Lockwood 

V3809 

10,680*130 

19“ 18' 10" 
155*18*20" 
Kau  Desert 

696 

Charcoal  beneath  basalt  and  ash  in 
upper  Hilina  Pali  section,  from  new 
scar  formed  during  1975  earthquake. 

J.  P.  Lockwood 

W905 

17,360*650 

19*20*00" 
155*20*00" 
Kau  Desert 

189 

Carbonaceous  ash  from  contact  of 
lower  Pahala  Ash  with  overlying 
basalt,  SE.  end  of  seaward-facing 
Keone  fault  scarp,  Keone  Pali. 

C»  D.  Fraser 

W5241 

21,600*600 

19*16*39" 
155* 15* 30" 
Kau  Desert 

107 

Charcoal  roots  in  black  ash  located 
at  the  top  of  the  second  ash  layer 
above  the  base  of  Kapukapu  cliff. 

N.  G.  Banks 

W 3801 

22,500*300 

19*I6'16” 
155*17*10" 
Kau  Desert 

171 

Charcoal  from  top  of  Pahala  Ash 
section  on  Puu  Keone. 

J.  P.  Lockwood 

W5238 

22,660*600 

19*16*38" 
155*15'30" 
Kau  Desert 

91 

Charcoal  roots  in  black  soil  located 
above  lowest  ash  layer  in  Kapukapu 
cliff. 

N.  G.  Banks 

W3814 

22,800*340 

19*16*14" 
155*17*20" 
Kau  Desert 

183 

Charcoal  exposed  in  fresh  outcrop 
created  by  massive  slumping  during 
1975  earthquake,  Puu  Keone. 

J.  P.  Lockwood 
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TaBLC  10.3. — RaJ»«ari*.m  data  from  HuolaLa  Vokano,  Itiand  of  Hoorn 

[S«*|4n  brteJ  in  order  of  mereotmt  *t».  onrrrt.anly  u omr  .r.ndard  dnulni.  t li»;  modem  J*r  meuu  tamplt  n vouMtet  ikan  Af)  19 SO.  ML  = Mum  Loa,  MK  = Matina  Kea 
maudia  - twnrJ  tbr  mountain,  aakn  - toward  lln  tea;  tee  fist  10.2-10  4 for  localitiet  Stratigrapkii  aomenciatiare  from  Lantmknm  aatd  Llagitr  (ikapter  I . pan  II)) 


Sample 

Radiocarbon 
age  (years 
before 
present) 

Location 
( latitude, 
longitude, 
quadrangle) 

Elevation 

(m) 

Sample  and  site  description 

Collector 

W4634 

<200 

19*42 '55" 

155*54*35" 

Kailua 

1,841 

Charcoal  rootlets  fro®  high-vater 
mark  of  olivine  basalt  flow  from 
Kaupulahu  Crater  along  main  road 
up  NW.  flank  and  rift  zone  of 
Hualalai. 

R.  B.  Moore 

W 4381 

<200 

i9.37.55.. 

155*48*50" 

Hualalai 

1,667 

Charcoal  rootlets  in  soil  developed 
on  Puu  Ikaaka  cinders,  overlain  by 
pahoehoe  flow,  700  m E.  of  Hualalai 
summit  road  along  Judd  Trail, 

200  m S.  of  trail  at  N.  baae  of  Puu 
Ikaaka . 

R.  B.  Moore 

W4389 

<200 

19*35*00*’ 

155*58*33" 

Kealakekua 

3 

Charcoal  in  soil  separating  two 
flows  at  Kahaluu  Beach  Park,  on  E. 
side  of  Alii  Drive,  below  T.K.  Cook's 
house. 

R.  B.  Moore 

W5124 

<200 

19*44*08" 

155*56*25" 

Kailua 

1,250 

Charcoal  in  toil  developed  on  old 
cone,  overlain  by  young  flow  on 
Hualalai  Ranch,  N.  of  Moanuiahea 
near  flower  nuraery. 

R.  B.  Moore 

W 5381 

1 10*60 

19*38*46" 

1 55*49 '00** 
Hualalai 

1,768 

Charcoal  in  soil  under  Moore  Crater 
flow,  SE.  side  of  airstrip. 

R.  B.  Moore 

W4394 

300±60 

19*41' 50" 

1 55*52 *44" 
Kailua 

2,316 

Charcoal  fro®  under  edge  of  Malekule 
flow  at  end  of  road  on  N.  side  of 
cinder  cones,  edge  of  flow  against 
cinder  cone. 

R.  B.  Moore 

W 5531 

7101150 

19*37*00" 
155*49*26" 
Puu  Lehua 

1,509 

Charcoal  in  aoil  under  toe  of  Vaha 
Pale  flow  at  E.  edge  of  flow,  800  m 
S.  of  Bishop  experimental  plot. 

R.  B.  Moore 

W5491 

9001110 

19*40*27" 

155*45*53" 

Hualalai 

1,545 

Charcoal  in  cinders  under  toe  of 
Moore  Crater  flow,  one  of  the 
largest  on  the  Big  Island. 

R.  B.  Moore 

*5130 

1, 030160 

19*43*03" 
155*52 '48" 
Kai lua 

1,987 

Charcoal  under  North  Jackson  Crater 
flow  between  two  old  cones. 

R.  B.  Moore 

W 5522 

1, 1801200 

19*43*09" 

1 55*46  'll" 
Hualalai 

1,378 

Charcoal  in  aoil  on  ML  flow 
under  pahoehoe  overflow  fro® 
channel  of  Trusdell  Crater  flow. 

R.  B.  Moore 

W4383 

1, 330150 

19*34  *23" 

155*55*00" 

Kealakekua 

366 

Charcoal  from  under  highest  basalt 
flow  in  Tanaka's  quarry,  E.  aide  of 
quarry. 

R.  B.  Moore 

W4171 

2, 030180 

19*46*52" 

1 55*50'00" 
Puu  Anahulu 

866 

Charcoal  in  aoil  zone  on  top  of 
trachyte  cinders  under  olivine- 
bearing basalt  flow,  N.  flank  of 
Puu  Waawaa. 

R.  B.  Moore 

U4388 

2, 290170 

19*34*58" 

I55"56'46" 

Kealakekua 

354 

Charcoal  in  soil  on  top  of  as  flow 
under  basalt  flow  on  E.  side  of 
Mamalahoa  Highway,  N.  of  Tanaka 
quarry. 

R.  B.  Moore 

W 5068 

2, 350180 

19*41*47" 
155*52*31" 
Hua la lai 

2,353 

Charcoal  under  edge  of  older 
Luarnakami  pahoehoe  flow  overlying 
cinders  in  ditch  in  road  300  a *• 

R.  B.  Moore 

of  highest  saddle  N.  of  Hualalai 
s umm  it. 


Digitized  by 


10.  HAWAIIAN  RADIOCARBON  DATES 


241 


TABLE  10.3. — Radiocarbon  dak*  from  Hualalai  Volcano,  Iiland  of  Hatton — Continued 


Sample 

Rad  iocarbon 
age  (years 
before 
preaent) 

Location 

(latitude, 

longitude, 

quadrangle) 

Elevation 

(•) 

Sample  and  aite  description 

Collector 

W 5073 

2 , 390±60 

19*42 ' 1 8" 
15 5* 50' 44" 
Hua  lalai 

2,000 

Charcoal  under  spatter  boobs  at  edge 
of  deposit  from  NE.  Mawahine  Cone 
along  road  between  Bishop  Estate  and 
Puu  Waawaa  Ranch. 

R.  B.  Moore 

W5076 

2 ,670±80 

19*41 '14" 
155*51*55" 

Hua lalai 

2,377 

Charcoal  under  0*5  m bombs  from  the 
8001-ft.  cone  on  S.  side  of  lower 
saddle  on  N.  aide  of  Hualalai  auaait. 

R.  B.  Moore 

W55S9 

3,030*200 

19*45*07" 
155*54 '47" 

Kiholo 

1,030 

Ranch  flow  at  ranch  road. 

R.  B.  Moore 

W 5127 

3, 1 00±80 

19*44' 15" 
155*52 '40" 
Hua la lai 

2,292 

Charcoal  in  soil  developed  on  old 
cone,  covered  by  flow,  transected 
by  pit  crater,  on  E.  aide  of  pit 
crater  700  m NE.  of  Malekule, 

R.  B.  Moore 

W4376 

3,600*70 

19*40*55" 
155*58'44" 
Ka i lua 

341 

Charcoal  in  soil  on  aa  flow  under 
basalt  flow  near  Palani  Junction,  in 
roadcut  on  side  of  Highway  19,  0.8  ka 
S.  of  Palani  Junction. 

R.  B.  Moore 

W5562 

3,610*200 

19*45 '05" 

155*57*29" 

Kiholo 

817 

Charcoal  in  soil  beneath  old  Hualalai 
Ranch  flow  along  road  W.  of  ranch 
office. 

R.  B.  Moore 

W5132 

3,990*70 

19*41*50" 
155*52' 1 7" 
Hua la lai 

2,390 

Charcoal  in  soil  developed  on  older 
spatter,  covered  by  younger  spatter 
on  S.  Bide  of  main  Hualalai  summit 
road,  100  n W.  of  highest  saddle. 

R.  B.  Moore 

W5070 

4,390*70 

19*41*44" 
155* 52 ’59" 

Hua la lai 

2,256 

Charcoal  in  cinders  under  edge  of 
alabby  pahoehoe  flow  SW.  of  Malekule 
in  gully  200  m above  main  road  down 
Kaupuleku  side  of  Hualalai. 

R.  B.  Moore 

V4378 

4,720*80 

19*41 '50" 

1 55*52'47" 

Kailua 

2,292 

Charcoal  in  soil  developed  on  cinders 
underlying  edge  of  second  flow  down 
frosi  West  Malekule  on  E.  wall  of  West 
Malekule  pit  crater. 

R.  B.  Moore 

W5496 

5,350*180 

19*40 '16" 

155*51*55" 

Hualalai 

1,905 

Charcoal  in  cinders  from  extensive 
cinder  unit  S.  of  Hualalai  summit 
along  road  near  W.  boundary  of  quad* 

R.  B.  Moore 

W5297 

6,360*100 

19*40 ’13" 

155*51*41*' 

Hualalai 

1,902 

Charcoal  under  Puu  Neneakolu  flow 
along  Waiaha  Stream  between  road 
and  Puu  Hale* 

K.  B.  Moore 

W5299 

8,770*200 

19*41*45" 

155*52*01" 

Huala lai 

2,390 

Charcoal  in  red  soil  under  cinders 
in  canyon  above  recent  alluvial  fan 
at  Hualalai  siamit* 

R.  B.  Moore 

V4371 

9,490*100 

19*51*21" 
155*52*15" 
Puu  Anahulu 

195 

Charcoal  under  olivine-rich  basalt 
4 m thick  at  NV.  end  of  Puu  Anahulu 
Cone,  200  a W.  of  end  of  trail  leading 
N.  from  Mamalahoa  Highway. 

R.  B.  Moore 

W4391 

10,370*150 

19*35*25" 
155*57 '26" 
Kea lakekua 

199 

Carbonaceous  material  in  yellow  to 
red  cinders  overlain  by  basalt  flow 
at  intersection  of  Kuakini  Highway 
and  Kam  III  Rd. 

R.  B.  Moore 

W4365 

12,230*150 

19*48 '39" 

1 55*50*30" 
Puu  Anahulu 

677 

Charcoal  roots  in  soil  zone  on  top 
of  trachyte  lava  flow,  under  olivine- 
rich  basalt  flow  on  W.  side  of  Puu 
Anahulu,  roadcut,  200  m E.  of 
Mamalahoa  Highway. 

R.  B.  Moore 

W5056 

12,950*150 

19*39 '28" 

1 55*  57  *37" 

Ka i lua 

439 

Charcoal  in  soil  under  Keopu  flow 
100  m W.  of  Mamalahoa  Highway  next 
to  Keopu  subdivision  road. 

R.  B.  Moore 
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TABLE  10.4 — Rodkxarbon  date  /wn  Mourn  Keo  Volcano,  Island  of  Haw oh 

(Sampler  liifcrd  in  order  id  wcre«*tng  *gr,  ownUmly  » nor  Uaadard  devialrori.  £ In,  «xl»ra  a*r  mui  tamplr  » jnsamgrr  than  AD  1940;  Ml.  = Mum  Lon;  MK  = Maun*  Krai 
ntMik«  - ima«r«J  «hr  nKMWl«Hi.  makai  - inward  i hr  hr 4;  mn-  fig,  10.2-10.4  for  lucolrtkr*.  Stratigraphic  rtomriu  Uiurr  from  L—fwAeiwi  and  Clagwt  (chapter  I.  pari  It)] 


Staple 

Radiocarbon 
age  (years 
be  fore 
present) 

Location 
( latitude, 
longitude, 
quadrangle) 

Elevation  Sample  and  site  description 

<•) 

Collector 

W554I 

5,630±200 

19*41 *53" 

is^zeui" 

Puu  Oo 

1,986  Charcoal  root  fragments  at  top  of 
deep  ash  overlain  by  Puu  Kalaieha 
flow  on  Parker  Ranch  land  off  Saddle 
Rd. 

J*  P.  Lockwood 
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STRATIGRAPHY  OF  KILAUEA  VOLCANO 

By  R.  Michael  Easton1 


ABSTRACT 

This  paper  review*  and  revises  the  litbostrati graphic 
nomenclature  of  Kilauea  Volcano.  The  m^jor  stratigraphic  units 
of  the  volcano  are  redefined  as  the  Hilina  Basalt  (oldest),  Pahala 
Ash,  and  Puna  Basalt  (youngest)  in  accordance  with  the  strat- 
igraphic code.  Four  pyroclastic  units  within  the  Hilina  Basalt 
can  be  used  as  stratigraphic  markers;  these  are  formally  pro- 
posed and  described  here  and  given  member  rank.  These  new 
stratigraphic  units  are,  from  oldest  to  youngest,  the  Halape, 
Kabele,  Pohakaa  and  Moo  Ash  Members.  The  Pohakaa  has  a 
similar  distribution  and  lithology  to  the  Pahala  Ash  and  repre- 
sents a major  period  of  ash  deposition  on  Kilauea  at  about 
40—50  lea.  Two  pyroclastic  units  intercalated  within  the  Puna 
Basalt  are  the  circa  1.5-ka  Uwekahuna  Ash  Member  and  the 
mostly  A.D.  1790  Keanakakoi  Ash  Member.  The  origin  and 
source  of  these  pyroclastic  units,  particularly  the  Pahala  Ash  j 
and  the  Pohakaa  Ash  Member,  is  briefly  discussed,  in  light  of 
new  rmre -earth -element  and  petrographic  data  from  these  units. 

INTRODUCTION 

A stratigraphic  unit,  whether  it  be  a group,  formation,  mem- 
ber, or  flow,  becomes  established  through  the  repealed  demonstration 
of  its  utility.  Since  the  Hawaiian  Volcano  Observatory  was  estab- 
lished 75  years  ago,  a number  of  stratigraphic  terms  have  been 
introduced  to  help  geologists  unravel  the  stratigraphy  of  Kilauea 
Volcano.  Some  of  these  terms  have  become  well  established  through 
use;  others,  although  widely  used,  do  not  meet  all  of  the  criteria 
required  of  formal  stratigraphic  units  as  outlined  in  Article  3 of  the 
North  American  stratigraphic  code  (North  American  Commission 
on  Stratigraphic  Nomenclature,  1983). 

The  purpose  of  this  paper  is  to  review  the  stratigraphic  i 
nomenclature  of  Kilauea  Volcano  and  to  revise  it  so  as  to  be 
consistent  with  the  stratigraphic  code  and  with  current  needs.  Some 
new  stratigraphic  terms  are  herein  formally  proposed  so  that  they  will 
be  available  to  the  geologic  community  and  their  utility  can  be 
tested.  Stratigraphy  is  an  important  tool  in  aiding  our  understanding 
of  Kilauea  Volcano,  and  I hope  that  this  revision  of  stratigraphic 
nomenclature  will  make  this  tool  even  more  effective. 

ACKNOWLEDGMENTS 
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through  his  encouragement,  and  this  paper  has  benefited  from 
discussion  over  the  years  with  M.O.  Garcia,  R.T.  Holcomb,  J.P 
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Lockwood,  and  G.A.  Macdonald.  As  a historical  note,  it  was 
G.  A.  Macdonalds  intention  to  revise  the  stratigraphy  of  the  Island 
of  Hawaii  and  Kilauea  Volcano  in  order  to  make  the  nomenclature 
consistent  with  the  recommendations  of  the  stratigraphic  code,  but 
this  work  was  cut  short  by  his  untimely  death.  This  paper  was 
reviewed  by  R.L.  Christiansen  and  R.T  Holcomb,  and  I thank 
them  for  their  careful  reading  and  helpful  comments  and  suggestions. 

PREVIOUS  WORK 

The  various  lithostratigraphic  schemes  that  have  been  applied 
to  Kilauea  Volcano  and  correlations  between  them  are  summarized 
in  figure  1 1 . 1 . An  essential  element  of  all  these  schemes  is  the  use  of 
the  Pahala  Ash  as  a marker  honzon  to  divide  the  lava  of  Kilauea 
Volcano  into  p re- Pahala  and  post- Pahala  units.  This  usage  arose 
because  the  Pahala  Ash  was  considered  to  be  the  only  stratigraphic 
unit  found  on  several  (four  of  the  five)  volcanoes  on  the  Island  of 
Hawaii  (see  Steams  and  Macdonald,  1946).  It  has  therefore  been 
used  as  an  important  stratigraphic  marker.  As  discussed  in  detail 
later,  the  Pahala  Ash  does  not  always  meet  the  criteria  required  of  a 
marker  horizon,  and  this  can  present  local  correlation  problems. 

Stone  (1926)  divided  Kilauea  rocks  into  the  p re- Kilauea 
Series,  comprising  all  rocks  below  and  including  the  unit  he  called 
the  Pahala  Ash,  and  the  Kilauea  Series,  comprising  prehistoric  and 
historical  lavas  younger  than  the  Pahala.  L.F.  Noble  and  W.O. 
Clark  (unpub.  data,  1920,  in  Washington.  1923)  made  a similar 
division,  but  used  the  terms  Pahala  Series  and  post-Pahala  Series; 
this  division  was  later  revised  in  Steams  and  Clark  (1930).  In  both 
these  works,  the  lavas  of  Kilauea  and  Mauna  Loa  were  not 
differentiated  stratigraphkally.  Stearns  and  Clark  (1930)  included 
lava  and  tuff  of  both  vokanoes  in  the  Pahala  Basalt  (which  included 
the  upper  ash  member  now  called  the  Pahala  Ash)  and  the  overlying 
Kamehame  Basalt.  The  Kamehame  Basalt  was  divided  into  a 
lower  prehistoric  part,  which  included  all  ash  units  above  the  Pahala 
Basalt,  and  an  upper  part  composed  essentially  of  historic  flows  (fig. 

ii.  n 

Wentworth  (I938X  in  his  examination  of  Kilauea  pyroclastic 
rocks,  introduced  the  term  Pahala  Tuff  for  what  has  generally  been 
called  the  Rihala  Ash  by  workers  both  before  and  since.  He  also 
introduced  the  terms  Uwekahuna  Formation  and  Keanakakoi  For- 
mation for  ash  units  of  Kilauea  stratigraphically  above  his  Pahala 
Tuff. 
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Modem  usage  began  when  Steams  and  Macdonald  (1946) 
divided  the  rocks  beJow  the  ash  member  of  the  Pahala  Basalt 
(Steams  and  Clark.  1930)  into  the  Kahuku  Volcanic  Series  for  lava 
of  Maun  a Loa  and  the  Hilma  Volcanic  Series  for  lava  of  Kilauea 
(fig.  1 1 . 1 X In  addition,  they  divided  the  rocks  called  the  Kamehamc 
Basalt  by  Steams  and  Clark  (I930X  which  overlie  the  Pahala  on 
Mauna  Loa  and  Kilauea  and  include  the  historical  lava  of  the  two 
volcanoes,  into  the  Kau  Volcanic  Senes  on  Maun  a Loa  and  the 
Puna  Volcanic  Series  on  Kilauea  (fig.  1 1 . 1 X thus  abandoning  the 
term  Kamehume  Basalt.  They  included  the  Uwekahuna  in  the  Puna 
and  called  it  Uwekahuna  Tuff,  but  treated  rocks  called  the  Kea- 
nakakoi  Formation  by  Wentworth  (1938)  as  an  informal  member. 
The  Pahala  Ash  was  used  to  separate  these  stratigraphic  units. 
Macdonald  (1949,  p.  65,  67)  also  included  the  Uwekahuna  in  the 
Puna  Volcanic  Series  but  called  it  the  Uwekahuna  Ash.  Davis  and 
Macdonald  (in  Avias  and  others,  1956)  included  Wentworths 
Keanakakoi  Formation  in  the  Puna.  Walker  (1969),  Macdonald 
and  Abbott  (I970X  and  Macdonald  and  others  (1983)  essentially 
retained  the  nomenclature  of  Steams  and  Macdonald  (1946;  hg. 

IU> 

Last  on  and  Garcia  (I960)  renamed  the  Hilina  Volcanic  Series 
and  the  Pahala  Ash  as  the  Hilina  and  Phhala  Formations,  respec- 
tively, and  effectively  reduced  the  rank  of  the  Puna  Volcanic  Series 
(and  its  subdivisions)  and  renamed  it  the  Puna  Formation.  Easton 
and  Garcia  (I960)  also  introduced  new  stratigraphic  terms  for 
several  ash  units  within  the  Hilina  Formation  (fig.  1 1 . 1 X but  these 
terms  were  not  formally  proposed  in  the  sense  of  Article  3 of  the 
stratigraphic  code. 


STRATIGRAPHY  OF  KILAUEA  VOLCANO 

The  revised  stratigraphic  nomenclature  for  Kilauea  Volcano 
proposed  in  this  paper  is  shown  in  figures  1 1 . 1 and  1 1 .2.  As  the  use 
of  the  term  "Formation”  does  not  indicate  the  predominant  lithology 
or  volcanic  origin  of  each  lithostratigraphic  unit,  the  names  Hilina 
Basalt,  Pahala  Ash,  and  Puna  Basalt  replace  the  names  Hilina 
Formation,  Pahala  Formation,  and  Puna  Formation  of  Easton  and 
Garcia  (I980X  respectively.  The  name  Pahala  Ash  is  used  in  this 
report,  although  the  ash  is  indurated  and  more  properly  could  be 
called  a tuff.  However,  the  term  ash  is  commonly  applied  to  its 
indurated  counterpart,  and  the  name  Pahala  Ash  is  widely  used. 

Reference  sections  for  each  of  the  units  are  given  in  table  ILL 
they  arc  those  of  Steams  and  Macdonald  (1946)  unless  otherwise 
indicated.  Short  descriptions  of  the  three  major  stratigraphic  units 
are  also  given  below. 

In  addition  to  the  name  changes  of  two  main  lithostratigraphic 
units  of  Kilauea  Volcano,  a number  of  subdivisions  of  these  forma 
Hons  can  be  made  (figs.  11.1,  I L2X  These  subdivisions  are  herein 
formally  proposed  as  members  and  described  in  detail  under  the 
appropriate  higher  rank  strahgraphic  unit.  Locations  of  reference 
sections  for  some  of  these  units  are  given  in  table  ILL 


SOUTH  NOWTH  AND  EAST 

FLANK  FLANKS 


Keanakakoi  Ash  Member 
Uwefcahime  Aah  Member 


Puna  Be  sail 


Pahala  Ash 


Moo  Ash  Member 


Pohafcoa  Ash  Member 


Haiape  Aah  Member 


Base  of 
exposed 

sec  Iron 


FIGURE  11.2. — Generalized  stratigraphic  column  for  south  flank  of  Kilauea 
Volcano  (left)  bated  on  sections  measured  along  Hilina  fault  system  (see  fig.  1 1 41 
Inferred  stratigrapHic  column  for  north  and  east  flank*  of  Kilauea  Volcano  shown 
on  right . Absence  of  ash  horizons  on  north  flank  Mschcaled  here  reflects  trade- wind 
patterns  sn  Hawaiian  region.  Although  Keanakakoi  Ash  Monhr  of  the  Puna 
Basalt  i»  pmeml  in  Glen  wood  region  on  north  flank  of  Kilauea,  its  distribute*  on 
easl  flank  i»  unknown. 


HILINA  BASALT 

The  Hilina  Basalt  is  exposed  only  in  valleys  along  the  Hilina 
fault  system  on  the  south  flank  of  Kilauea  Volcano  (fig.  II.3X 
Exposures  are  limited  to  Ptiu  Kapukapu.  Puu  Kaonc,  Puueo  Pali, 
Hilina  Pali,  and  a fault  scarp  north  of  Kalaeapuki  (fig.  1 1.3X  The 
Hilina  Basalt  consists  predominantly  (95  percent)  of  lava  Bows,  but 
several  major  ash  horizons  are  present. 

Stone  (1926)  and  Steams  and  Clark  (1930)  examined  the 
formation  but  gave  only  general  descriptions.  Macdonald  described 
a section  of  the  formation  1.6  km  southwest  of  the  end  of  Hilina 
Road  (Stearns  and  Macdonald,  1946,  appendix)  and  also  gave 
bnef  petrographic  descriptions  of  the  lava  (Macdonald,  I949X 
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Table  1 1 . 1. — Type  locaiba  and  reference  bcattie*  of  lithostraUgraphu  unit*. 
Ktlimtea  Volcano 

(See  Iftn  11.3  fer  locator*) 


Louliiy 


Dracriptxm 


I — 

2*  ... 

2b  .. 

2c  ... 

2d  .. 
3a  ... 

3b  .. 


4b 

5 

6 

7 

8 

9 

10 
II 


Type  secuoa  of  the  Hi  ho*  Basal)  i Siearm  and  Macdonald,  1946).  1.6 
km  southwest  of  end  of  Hilina  nrfi  Rond  (appro*,  lat  ITM’fXT 
N.,  lone  155*18*45*  W,,  Kau  Desert  7.5-min  quadrangle). 

Reference  section  of  Hilina  Basalt.  Kcana  Bihop*,  from  base  of  pall 
(370  in  dev)  to  top  (640  on  dev)  (I917T T N„  I55*18'25'  W„ 

Kao  Desert  7.5-min  quadrangle i.  250  rn  soutb-ioutbwest  of  end 
of  Hilina  Pali  Rood. 

Type  section  of  Halapc  Ash  Member,  Hilina  Bauit,  Kcana  Bihopa, 
<395  m dev)  (infir  N.,  155'18  25*  W,  Kau  Desert  7.5-min 
quadrangle  X 

Type  sect  too  of  Moo  Ash  Member,  Hilina  Basalt,  Kcana  Bihopa  (570 
m dev)  (19,17  ir  N.,  I55'I8'25'  W,,  Kau  Deaert  7.5-min 
quadrangkX 

Reference  section  of  Puna  Basalt,  Kcana  Bihopa  (600-640  m ckv) 
(iri7T9-  N.,  I55*18‘25*  W.,  Kau  Docn  7.5-min  quadrangle ) 

Type  sect k»  erf  Kabek  Ash  member,  Hilina  Basalt,  Pohakaa  Arrow 
(appro*  470  m dev)  (19*16*40*  N..  l55°20‘0Cr  W,  Ksu  Deaert 
7.5-mtn  quadrangle). 

TVpe  section  of  Pohakaa  Ash  .Member,  Hilina  Basalt.  Puhakaa 
Arroyo  (appro*.  425  —450  m dev)  (19616'40*  N.,  155*20*00"  W!, 
Kau  Desert  7.5-min  quadrangles 

Reference  section  of  Hilina  Basalt  and  Halape,  Kahelc.  Puhakaa  and 
Moo  Ash  Members,  Puu  Kapukapu,  from  base  of  pah  (100  m 
dev)  to  too  (300  m dev)  (I9r16,45-  N.,  155*15*35*  W.,  Kau 
Desert  7.5-min  quadrangle). 

Reference  section  of  Pahala  Ash,  Puu  Kapukapu  (19*16' 15’  N., 
15S°17T5"  W.,  Kau  Desert  7. 5-nun  quadrangle X 

Reference  section  of  Pahala  Ash,  Puu  Kanne  ( I9*16T5*  N., 
15S*17'I5*  W. . Kau  Desert  7.5-nun  quadrangle X 

Principal  reference  section  of  Pahala  Ash,  Moolelo,  Hilina  Pah 
(I9*17'00*  N.,  I55’19'0(r  W.,  Kau  Desert  7.5-min  quadrangkX 

Reference  section  of  Puna  Basalt  and  Uwdcahuna  Ash  Member, 
Nanaha  Arroyo,  Hilina  Pali,  0.5  km  northeast  of  end  of  Hilina 
Pali  Ro*d  (19-18*15-  N.,  155*18  34*  W.,  Kau  Dam  7.5-min 


TVre  sections  of  Puna  Basalt  and  of  U we  kahuna  Ash  Member, 
Uwdcahuna  Bluff,  Kilauea  caldera  (Kilauea  Crater  7.5-min 
quadrangkX 

Reference  section  of  Puna  Basalt.  Kilauea  Iki  Crater,  summit  lava 
CVbicano  7 5-min  quadrangkX 

Reference  section  of  Puna  Basalt,  east-nft-zone  lava,  Makaopuhi 
Crater  (Makaopuhi  Crater  7.5-min  quadrangle ). 

Reference  section  of  Puna  Basalt,  east-nft-eooe  lava,  Nipau  Crater 
'(Volcano  7.5-min  quadrangkX 


Walker  (1969)  examined  the  Hilina  while  mapping  the  Kau  Desert 
quadrangle.  Easton  and  Garcia  (I960)  described  the  petrography 
and  geochemistry  of  the  Hilina  lava  in  detail.  Easton  (1978) 
examined  the  Hilina  in  detail  and  measured  sections  through  the 
formation  at  most  exposures  (Easton.  1978,  fig.  3,  appendix).  The 
two  moal  extensive  and  best  exposed  sections  are  at  Kcana  Bihopa 
(Hilina  Pili)  and  Puu  Kapukapu  (figs.  11.3,  11.4). 

LAVA  FLOWS 

The  exposed  Hilina  Basalt  consists  of  a sequence  of  aa  and 
pahoehoe  flows.  Individual  p&hoehoe  flows  are  0.5-3  m thick, 
averaging  2 m.  Upper  surfaces  are  commonly  ropy  and  reddish  to 
purplish,  and  surface  crusts  are  rarely  preserved,  indicating  minor 
erosion  (I -10  cm  of  material  removed)  between  flows.  Pahoehoe 
sequences  of  tnincralogicaily  similar  rocks  8-16  m thick  are  com- 


mon, and  it  is  difficult  to  distinguish  individual  flows  m these 
sequences.  These  flow  sequences,  more  abundant  in  the  upper  part 
of  the  Hilina  Basalt,  could  represent  different  phases  of  the  same 
eruption  (much  like  the  1969-74  flows  erupted  from  Mauna  Ulu). 

The  aa  flows  are  1-6  m thick,  averaging  4 m including  the 
clinker  zones;  the  core  zone  accounts  for  20-80  percent  of  the  flow 
thickness.  The  clinker  zones  are  partially  to  totally  weathered  to 
reddish-brown  clay  and  commonly  contain  soil  or  yellow  palagocute 
horizons  in  their  upper  parts.  The  palagonite  layers  are  probably 
remnants  of  ash  pockets  or  lenses.  Otherwise,  all  flow  rocks  are 
fresh,  mainly  because  of  the  low  rainfall  in  the  area. 

The  relative  amounts  of  aa  and  pahoehoe  in  the  measured 
sections  vary  (fig.  11.4,  table  II.2)l  In  general,  pahoehoe  flows 
predominate  in  sections  farthest  away  from  the  caldera  (for  example. 
Puueo  Pali),  supporting  the  suggestion  of  Swanson  (1973)  that  only 
large  volume,  tube-fed  pahoehoe  eruptions  are  able  to  reach  and 
flood  large  areas  of  Kilauieas  south  flank. 

The  relative  abundances  of  rock  types  in  the  Hilina  Basalt  arc 
also  shown  in  table  11.2.  Olivine  basah  contains  more  than  5 
percent  olivine  phenocrysts  (Macdonald,  1949).  Picrite  basalt 
contains  less  than  35  percent  modal  plagiodase  and  more  than  1 5 
percent  modal  olivine  (Macdonald,  1949;  \XVight,  19713  Olivine 
basalt  is  more  abundant  than  other  kinds  of  basalt  in  the  sections 
examined  (table  11.23  Hyperstbene  was  only  rardy  observed  in 
lava  of  the  Hilina  Basalt,  and  then  only  in  small  amounts.  Picrite 
basalt  and  plagiodase  porphyritic  basah  are  present  only  at  Puueo 
Pali  and  Puu  Kapukapu  and  may  be  derived  from  the  nearby  east 
rift  zone  (Macdonald,  19443  Further  details  on  the  petrography  of 
Hilina  Basalt  lava  are  found  in  Easton  and  Garda  (19803 

The  Hilma  Basah  flows  are  chemically  distinct  from  the 
overlying  Puna  Basah  flows,  the  former  having  higher  FeO*  content 
for  the  same  MgO  content  and  lower  K2O/P2O5  ratio  than  the 
latter  (Easton  and  Garcia,  19803  This  distinction  may  aid  in 
mapping  the  Hilina  and  Puna  Basalts  in  areas  where  the  intervening 
Pahala  Ash  is  thin  or  absent.  Easton  (1978)  and  Easton  and 
Garda  (I960)  conduded  on  the  basis  of  mapping  and  geochemistry 
that  the  Hilina  Basah  exposed  on  the  south  flank  of  Kilauea  was  an 
intricately  stacked  sequence  of  flows  derived  from  the  summit  caldera 
and  from  the  east  and  southwest  rift  zones  of  Kilauea.  Further 
details  on  the  chemistry  of  Hiluia  Basah  lava  are  given  in  Easton 
and  Garcia  (19803 

The  lower  contact  of  the  Hilina  Basah  is  not  exposed,  but  at 
least  300  m of  lava  is  exposed  along  the  Hilina  ftdi.  The  upper 
contact  of  the  Hilina  Basah  has  been  defined  as  the  base  of  the 
Pahala  Ash  (Stearns  and  Macdonald,  19463  The  age  of  the  Hilina 
Basah  is  not  well  defined,  but  it  is  older  than  the  radiocarbon  age  of 
31  ±0.9  ka  obtained  from  the  base  of  the  Pahala  Ash  on  Mauna 
Loa  (Kelley  and  others,  19793  The  base  of  the  exposed  Hilina 
Basalt  lava  at  Puu  Kapukapu  may  be  estimated  to  be  on  the  order  of 
100  ka  from  average  eruption  rates  determined  at  Nanahu  Arroyo2 
along  the  Hilina  Pali  (Easton,  19783 


i Name  doe*  not  appeal  on  current  topograpinc  map.  but  Ka*  recently  been  Approved  by  (tar 
U S Board  on  Geograptnc  Names  (Donald  J.  Orth,  written  ccenmun  . 1966) 
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IBCnO’  16  188*00' 


PY ROCLASTIC  AND  SEDIMENTARY  DEPOSITS 

The  Hilina  Basalt  contains  several  altered  and  reworked  ash 
horizons  (fig.  11.4)  The  number  of  ash  horizons  varies  between 
sections,  reflecting  intercalation  of  lava  flows  with  the  ash  beds. 
More  distal  sections  such  as  Puu  Kapukapu  contain  fewer  ash 
horizons  because  in  these  areas  ash  from  occasional  explosive 
eruptions  could  accumulate  for  longer  periods  without  flow  activity  j 
occurring.  The  overall  thickness  of  the  ash  horizons  ts  relatively  | 
constant  in  any  area,  but  it  decreases  with  distance  from  Kilaueas 
summit.  The  above  features  make  bed-to-bed  correlation  diffi- 
cult. Nevertheless,  it  is  still  possible  to  define  at  least  three  major  ash 
events  and  one  minor  one,  widely  separated  in  space  and  time  within 
the  Hilina  Basalt  which  can  be  correlated  between  sections  over 
distances  of  tens  of  kilometers  (figs.  11.2,  11.4) 


Haeape  Ash  Member  (new  term) 

This  member  is  found  at  Puu  Kapukapu  and  at  Keana  Bthopa 
near  the  base  of  the  exposed  Hilina  section  (figs.  11.3,  11.4)  The 
name  is  derived  from  the  Halape  area  at  the  base  of  Puu  Kapukapu 
(Piikui  and  others,  1974)  Hie  type  section  is  at  Keana  Bthopa 
(tables  11.1,  11.3)  The  unit  is  found  at  roughly  the  same  strat- 
igraphic level  in  both  localities,  but  at  each  locality  it  varies  laterally 
in  thickness  from  10  cm  to  30  cm.  At  Puu  Kapukapu.  the  unit 
grades  downward  into  a deeply  weathered  aa  clinker  zone;  at  both 
localities  it  is  overlain  by  aa  flows. 

The  member  is  composed  of  red- weathering,  poorly  bedded, 
clayey  soil  and  palagonite.  Soil  predominates  at  FNju  Kapukapu,  but 
at  Keana  Bihopa,  brown  beds  of  palagonite  0.5-1  cm  thick  are 
present.  A section  from  Keana  Bihopa  is  described  in  table  11.3. 
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FIGURE.  11.4 — Measured  stratigraphic  wlmns  of  Hiliru  Basalt  along  Hilma  fault  system.  south  flank  of  Kilauea  Volcano.  Data  adapted  from  Easton  (1978).  Base  of 
Hvlina  Basalt  is  nowhere  exposed  Intercalated  lava  flow*  shown  in  sections  of  I ’alula  A*h  and  Pohakaa  Ash  Member  are  FVma  Basalt  flow*  and  Hilina  Basalt  flows, 
respectively  (see  lexl) 
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Table  11.2.  — Abundance  of  rock  and  flow  type*  exposed  on  Kilauea  Volcano, 
in  part  modified  from  Easton  and  Garda  ( 1980) 

[All  figure*  ■ pm  ml;  ltd.,  net  determined) 


Relative  abundance 

of  rock  type  exposed 

Relative  abundance  of  flow 

Hvper- 

type  in  each  rock  type 

Ajcj  or 

sihene- 

beanng 

types  exposed 

Basalt 

Olivine  baaall 

subdivision 

basalt 

bault 

Bault 

basalt 

Aa  Pahochoe 

Aa 

Pahoehoc 

Aa  Pahoehoc 

hui  E 

Historical  flow 

78 

7 

13 

2 

n.d. 

>100 

n d. 

nd. 

n.d. 

n.d. 

Prehistoric  flows 

71 

5 

22 

2 

n.d. 

400 

n.d. 

n.d. 

n.d. 

n.d. 

Moolelo' 

67 

3 

30 

0 

50 

50 

n.d. 

n.d. 

n.d. 

n.d. 

Hilina 

Baa  ait 

Keana  Bihopa* 

56 

0 

44 

0 

60 

40 

90 

10 

38 

62 

Pohakaa* 

68 

n.d. 

32 

D.d. 

57 

43 

n.d 

n.d. 

n.d. 

n.d. 

Kapukapu' 
Puueo  Pali6 

62 

4 

34 

0 

36 

64 

60 

40 

24 

76 

67 

8 

25 

n.d. 

5 

95 

5 

95 

0 

100 

■Clin  arc  tines.  Hilina  Pali  and  Kapukapu  only 

• Difficult  id  caumatr  n amber  of  flow*,  pahochoe,  aa  figure*  approximate  From  Macdonald 
( I946\ 

*50  flow*  of  olivine  basalt:  20  aa.  30  pah oc hoe.  40  flow*  of  basalt:  35  aa.  $ pahochoe 
‘Lower  half  of  section,  lop  of  Pohakaa  Ash  Member  to  base  of  seel  son 
*50  Sow*  of  oh  vine  bault  and  ptcriie  bault:  12  aa,  30  paboeboc.  transition  pahochoe,  25 
Bow*  of  basalt.  13  aa,  10  pahoeboe 

•Upper  section.  abon:  top  of  the  Pohakaa  Ash  Member:  16  flows  of  olivine  basalt,  2 flows  of 
pavntc  basal),  all  pahuehoc,  6 flows  of  baaall,  3 pah oc hoe,  I aa 


Tlw  Halape  Ash  Member  is  lithologically  similar  to  the  better 
exposed  Kabele  Ash  Member.  Although  the  unit  is  thin,  it  can  be 
correlated  between  palis  (6g.  I I.2)l  The  age  of  the  member  is  not 
known,  but  it  is  probably  between  100  La  and  30  ka  on  the  basis  of 
the  estimated  age  of  the  base  of  the  Hilina  Basalt  (Easton,  1 9 7 8 X 

Kahf.it:  Ash  Member  (new  term) 

This  pyroclastic  unit  crops  out  all  along  the  Hilina  Pali  and  at 
Puu  Kapukapu  (fig.  11.4).  The  name  is  derived  from  Kahele 
Arroyo2,  a valley  at  approximately  19°I8'00“  N.  latitude  and 
I55T7T0"  W.  longitude  located  I km  east -southeast  of  the  Hilina 
Shelter.  The  type  section  is  at  Pohakaa  Arroyo2  (table  11.3) 
Thickness  is  variable,  being  only  10-30  cm  at  Keana  Bihopa  and 
Puu  Kapukapu,  but  increasing  along  the  Hilina  Pali  to  125  cm  at 
Pohakaa  Arroyo.  Except  at  Pohakaa  Arroyo,  the  unit  is  crudely 
bedded;  bedding  is  better  developed  than  in  the  Halapc  Ash 
Member.  The  Kahele  Ash  Member  contains  some  brown  and  red- 
brown  palagonile  but  consists  mostly  of  a red  clay;  10  to  25  percent 
more  ash  material  is  present  than  in  the  Halape  Ash  Member.  At 
Pohakaa  Arroyo  the  unit  also  includes  a bed.  10-15  cm  thick,  of 
gray,  coarse,  cross  bedded  sand  composed  of  rounded  olivine  and 
lava  fragments  (table  11.3;  fig.  1 1.5)  In  addition,  a bed  of  glassy, 
vesicular  scoria  and  glass  fragments  only  2-5  cm  thick  is  present; 
these  materials  are  interpreted  to  be  cinder-conc  eruptive  debris 
derived  from  the  southwest  rift  zone  of  Kilauea.  Eastward  thinning 
of  the  Kahele  Ash  Member  indicates  a possible  source  in  the 
southwest  rift  zone  for  much  of  this  unit . A representative  section  of 
this  unit  is  described  in  table  11.3.  The  age  of  this  member  is  not 
known,  but  it  is  presumed  to  be  between  100  ka  and  30  ka.  Both 
the  Halape  and  Kahele  Ash  Members  differ  from  ash  units  higher 
in  the  section  in  being  more  deeply  weathered  (possibly  a result  of 
greater  age)  and  in  consisting  of  red  clay  rather  than  yellow-brown 


palagonite.  It  is  possible  that  the  Halape  and  Kahele  Ash  Members 
may  represent  a period  of  soil  development  as  well  as  ash  deposition. 

Pohakaa  Ash  Member  (new  term) 

The  Pohakaa  Ash  Member  represents  a major  period  of  ash 
production  comparable  in  scale  to  that  of  the  Pahala  Ash.  The  name 
is  derived  from  Pohakaa  Arroyo2  on  the  Hilina  Pali.  Pohakaa  was 
a Hawaiian  god  who  lived  in  precipitous  places  and  who  rolled 
down  stones,  frightening  and  injuring  passersby  (Kalakaua,  1688) 
The  name  is  appropriate  both  to  the  exposure  and  to  the  lithology  of 
the  unit. 

The  Pohakaa  Ash  Member  contains  intercalated  flows,  but  it 
is  underlain  and  overlam  by  about  100  m of  lava  containing  no  ash 
units.  The  intercalated  flows  have  no  distinctive  features  and  are  not 
considered  to  be  part  of  the  Pohakaa  Ash  Member  At  Pohakaa 
Arroyo,  the  member  consists  of  six  individual  ash  layers,  each  1 -4 
m thick  (total  thickness  10-12  m)  at  Moolelo  of  five  horizons  (total 
6. 5 mX  at  Ke ana  Bihopa  three  to  five  layers  (total  7 raX  and  at  Puu 
Kapukapu  four  layers  (total  10  mX  The  Pohakaa  Member  is  not 
exposed  at  Puueo  Pali,  probably  because  the  section  there  is 
incomplete.  The  type  section  of  the  Pohakaa  Member  is  at  Pohakaa 
Arroyo  (tables  11.1,  1 1 . 3X  where  it  shows  the  greatest  number, 
thickness,  and  lithologic  variation  of  the  ash  layers;  however,  the 
member  is  more  accessible  at  Kean  a Bihopa  and  Puu  Kapukapu. 

Although  the  Pohakaa  Ash  Member  has  an  areal  distribution 
on  Kilauea  and  is  lithologically  similar  to  the  PWhala  Ash,  it  has 
been  given  member  instead  of  formation  rank  for  the  following 
reasons;  (I)  The  Pohakaa  Ash  Member  is  limited  in  present-day 
exposure  and,  unlike  the  Pahala  Ash,  has  only  been  found  on 
Kilauea  Volcano;  thus  the  unit  is  not  as  widespread  as  the  Pahala 
Ash.  (2)  If  the  Pohakaa  Ash  Member  were  upgraded  to  formation 
rank,  then  the  Hilina  Basalt  would  need  to  be  raised  to  group  rank 
or  split  into  an  upper  and  lower  formation  separated  by  the  Pohakaa 
ash  layers.  Such  a division  would  cause  confusion  and  would  be 
unsuitable  for  areas  where  the  Pohakaa  Ash  Member  is  thin  or 
absent.  As  there  is  no  compelling  need  to  give  the  Pohakaa 
formationaJ  rank,  the  designation  of  the  rank  of  member  seems  most 
adequate  at  present. 

The  Pohakaa  Ash  Member  can  be  subdivided  into  lower, 
middle,  and  upper  beds;  however,  it  is  not  always  possible  locally  to 
separate  the  middle  and  upper  beds.  These  smaller  units  arc  not 
sufficiently  characteristic  to  warrant  formal  designation  as  beds  or 
members. 

The  total  thickness  of  the  member  is  6-10  m at  Puu 
Kapukapu.  7- 1 5 m at  Keana  Bihopa.  and  8- 1 5 m at  Pohakaa;  it 
thus  shows  an  eastward  and  southward  thinning.  This  thinning  is 
best  defined  when  only  the  thickness  of  primary  ash  beds  is  included. 
It  has  been  possible  to  distinguish  reworked  beds  from  primary  ash 
beds  within  the  Pohakaa  Ash  Member,  the  Pahala  Ash,  and 
younger  ash  horizons  on  Kilauea  by  means  of  the  following  criteria; 

(1)  Primary  beds  are  regularly  layered  beds  of  palagonite, 
1 — 30  cm  thick,  containing  remnant  small  glass  shards,  distinct 
grains  of  pumice  or  accretionary  lapilli,  usually  yellow-brown  in 
color,  and  few  olivine  crystals  or  rock  fragments. 
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Thickness  (cm) 

Descripuoa 

H*W*  4U  Mowter-lUaaa  B*op.  hUm 

10-20  

Overlying  aa  flow 

Red  paUgoniie,  grades  downward  into  red-weathered  darker  af  underlying  aa  flow. 
Underlying  aa  flow. 

Gkfk  Ash  Moodwr — Nwku  Arroyo 

Orarlying  lava  flow 

20  _ Coarse,  red- brown  to  Mack,  glassy  scorn,  clinker  and  pumice,  refractive  index  of  gUu  1.602  i 0.002,  fragments  n large  as  20  mm 

40  . . . Red- brown  indunued  poUgonite,  rare  pUgwxlase  gran*.  subhedral  olivine  pbcmocrystx,  some  glass  shards  with  refractive  index  of  1.604. 

5-10 Rippled,  course-bedded,  pink  to  white-grey  pebble  gravel,  40-50  percent  olivine  sand,  rounded  grains;  alto  vesicular  lava  sand  and  gravel-size 

grains. 

30 Yellow- red  palagomte. 

Underlying  lava  (km. 


Overlying  lava  flow. 

Upper  beds  (may  mclade  parts  of  middle  beds)  (45-50  percent  ash  material;  1,25-1.5  m total  thickness). 


20  Brown  palagomte,  fining  upward,  minor  clinker  and  pumice,  mostly  altered  flats,  refractive  index  of  palagomte  1.548  ± 0.002. 

5-8  Gray,  friable,  tand-si/e  lava  fragments 

5-8  Pale  red  paLagomtr  with  black  elassv  cinders  0.5-1  mm  large 

30 Gray,  laminated,  friable  beds  of  fragments  2-4  mm  large  of  rounded,  red,  graft  and  black  lava,  minor  rounded  olivine. 

35 Pale  brown  to  yellow  pdagocmc,  cinders  at  Ur*,  aa  1 mm,  some  glass  with  refractive  index  1.606  ±0.002. 

50-100  Weathered  aa  clinker  and  red  soil. 

In  terstraufied  lava:  16  m of  aa  and  transition  pahoehoe  olivine  basalt  and  basalt  flows  (6  flows). 

.Middle  beds  30  percent  ash  material.  1 .75  m total  thickness).  Unit  cut  by  stream  channels  with  many  load  unconformities. 

10-20  Red-brown  ptUgonitc,  with  or  without  soil. 

5 .............  Gray,  rounded,  red  and  black  lava  fragments,  beds  of  friable  sand 

10  .... Yelk**1- brown  palagonitc 

30 Brown  indurated  palagomte  in  beds  1-2  cm  thick,  locally  eroded  and  unconformably  in  contact  with  overlying  flow. 

8 Finely  laminated,  gray,  friable  sand -sue  rounded  lava  and  olivine  fragments,  mantles  underlying  unit. 

10  (locally  30-50)  Finely  bedded  and  cross  bedded,  gray,  rounded  lava  grams;  fills  channels  cut  in  underlying  beds. 

10  Brown  to  red-brown  palagomte.  time  cinders  1-2  mm  large. 

5 Coarse  minded  sand  size  lava  fragments. 

20 Brown  to  ted- brown  clay,  paUgunirc,  ut  soil. 

20 Brown  seal  coatmcmg  u blocks  and  c Linker: 

In icrs unified  lava:  18  m of  aa  and  pahoehoe  basalt  and  olivine  basalt  flows  (6  Sows). 

Lower  beds  (50  percent  ash  material.  2.75-3  m total  thickness.) 

30 Brown  to  red-brown  soil  and  pwUgumtc 

10 Yellow- gray  poUguitifc  with  black  cinders  as  large  as  3 nun. 

25 Brown  to  red-brown  pulagonuc  with  local  beds  of  glassy  cinders. 

60 Beds  1-  10  cm  thick  of  gray  rounded  olivine  and  lava  fragments  2-3  mm  large,  totally  beds  1-2  cm  thick  of  yellow-brown  palagomte. 

25 Yellow-brown  polagwniie  in  bedi  1 3 cm  ihkk,  brown  beds  contain  glassy  doders  1-2  nun  large. 

10  .. Rounded  lava  and  nick  fragments,  us  large  as  5 cm. 

S Gnv  to  yellow -brown  palagomte. 

1-3 ... Red,  black,  and  gray  founded  lava  fragments  as  large  as  3 cm. 

7 Gray  brown  palagomte,  bedding  on  5- nun  scale,  vrtnc  cinders  as  large  as  1 mm. 

12  Yellow-brown  palagomte 

15  Red,  black,  and  gray,  vesicular.  rounded  basalt  fragments. 

3-7  Brown  palagomte.  vitric  cinder*  0.5-1  mtn  large 

20-50  Gray,  finely  laminated  bed*  of  olivine  ami  lava  sand  and  gravel. 

20  ..  Yellow-brown  palagonitc  with  rounded  ted  and  black  lava  fragments  as  large  as  I cm,  weakly  bedded. 

5 Brown  palagomte  with  vitro:,  angular  cinders  as  large  is  4 own 

25  Brown  pahgnrritr 

30  .............  Reddish  to  purpti*b-grav  aa  clinker,  brown  to  pale  yellow  brown  ash  and  sod  matrix. 


Underlying  aa  and  pahoehoe  flows 


Moo  Aik  Member  — Keau  Bikopa  50  perccat  ash  outers*).  2.5  m total  tUctocas) 

Overlying  pahoehoe  flows. 


10-15 Fine  black  sand,  soil,  brown  palagonitc 

6 Pale  brawn,  accretionary  lapilli  1-2  nun  in  diameter. 

) Purple -brown  palagomte , vitric  cinders  1-2  mm  large. 

5 Pink -brown  palagraniie,  vitric  cinders  1 mm  large. 

5 Purple-brown  to  brown  paUgonue,  with  red  and  black  cinders  1 mm  large,  local  carbonized  roots. 

2-3  Red- brown  palagomte,  pumice  fragments  5-7  mm  Urge. 

5-7 Gray,  rounded  larva  and  olivine  sand. 

2 Purple- brown  palagomte,  viuic  cinder*.  1 nun  large. 

2 Gray  lava  sand. 

10 Accrrtjooary  lapilli  2-3  mm  m diameter,  local  charcoal  at  base. 

1-2 Reddish  clay  or  soil 

5 Finely  laminated  beds  (1-2  mm  cluck)  of  gray  lava  and  olivine  sand. 

5 Brown  accretJonary  lapilli 

I ... Reddish  sod. 

25  - 30  Brown  to  purple-gray,  red,  and  black  altered  flow  fragments  10-25  rant  Urge. 

1-2  - . Reddish  clay  (sail?). 

5 . Brown,  coarse,  rounded  lava  fragments. 

5 - Brown,  glassy,  angular  pahoehoe  crusts  2-3  min  across. 

10  Finely  laminated  gray  larva  and  olivine  sand. 

5 Vitric  black  cinders  2-3  mm  Urge 

5 ...  . . . . Red-brown  day  isnil?). 

40-50  . . . . . . . Gray,  finely  Laminated  beds  of  rounded  flow  and  clinker  material. 

10-40  ...  Yellow  to  red-brown  palagomte,  roil  near  base. 


Underlying  as  flows 
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Figure  11.5.  — Kahdr  Alb  Member  c tf  Hilna  B&s&h  at  RoKskaa  Arroyo.  Hilina  Mi.  Entire  thicknrs*  of  member  is  shown 


(2)  Reworked  beds  contain  sedimentary  and  pyroclastic  mate- 
rial. including:  distinct  rounded  to  angular  fragments  of  flow  rocks; 
broken  pahoeboe  crusts,  scoria,  and  clinker;  abundant  subrounded 
olivine  fragments  (10  percent  or  moreX  commonly  attached  to  rock; 
and  minor  plagioclase  crystal  fragments.  The  bedding  layers  are 
thin  (I  mm  to  5 cmX  and  crossbedding,  undulatory  bedding, 
truncated  bedding,  and  local  soil  horizons  are  often  present  in  local 
channels  cut  into  paJagonite.  These  reworked  units  are  commonly 
found  as  friable,  gray- weathering,  fine-sand  to  granule-gravel  beds. 

(3)  Surge  deposits,  which  are  present  mainly  in  some  of  the 
younger  ash  units  contain  both  primary  and  reworked  layers.  The 
characteristics  of  these  deposits  have  been  described  by  Swanson 
and  Christiansen  (1973)  and  Decker  and  Christiansen  (1984) 
Primary  and  reworked  material  are  intercalated  on  a fine  scale,  and 
it  must  be  realized  that  most  ash  layers  on  Kilauea  are  a mixture  of 
both  types.  Sedimentary  material  similar  to  that  present  in  the  older 
ash  units  is  found  on  the  surface  throughout  the  Kau  Desert  region  of 
Kilauea. 

The  lower  beds  of  the  Pohakaa  Ash  Member  form  the  thickest 
part  of  the  member  (3-4  m)  and  constitute  the  first  two  ash  horizons 
at  Pohakaa,  Moo,  Mooldo,  and  Puu  Kapukapu.  At  Keana 
Bihopa,  these  lower  beds  are  thicker  than  at  other  localities.  The 
lower  beds  consist  of  alternating  beds  (5-30  cm)  of  primary  ash 
(table  11.3;  fig.  11.6)  and  local  interbeds  of  reworked  ash  and 
sediment.  The  lower  beds  of  the  Pohakaa  Ash  Member  mark  the 
first  appearance  of  thick  palagonitized  ash  horizons  in  the  exposed 
Hilina  Basalt;  they  are  characterized  by  a greater  proportion  of 
yellow-brown  palagonite  than  the  middle  and  upper  beds,  by  a 
greater  proportion  of  primary  ash  beds  (50  percent  and  more  along 
the  Hilina  Pali,  25  percent  and  more  at  Ptiu  Kapukapu).  and  by  the 
absence  of  local  unconformities,  crossbedding,  truncated  beds,  and 
large-  and  small-scale  channels. 


The  middle  beds  of  the  Pohakaa  Ash  Member  are  charac- 
terized by  a greater  abundance  of  reworked  ash  beds  and  sediment 
(75  percent  along  the  Hilina  Pali,  90-95  percent  at  Ptiu 
KapukapuX  a greater  abundance  of  brown  and  red-brown  pal- 
agonite, more  soil  horizons,  extensive  development  of  small  stream 
channels  5-50  cm  deep,  and  the  presence  of  crossbedding,  trun- 
cated beds,  channel  filling  by  later  ash  beds,  and  filling  of  channels 
by  lava  flows  and  later  primary  ash  beds  (fig.  II.7X  Local 
unconformities  are  also  common  in  the  middle  beds. 

The  upper  beds  of  the  Pohakaa  Ash  Member  are  present  only 
locally  and  are  restricted  almost  entirely  to  large-scale  stream 
channels  as  much  as  1 0 m deep.  These  channels  grade  laterally  into 
a yellow-brown  palagonite  matrix  found  in  aa  clinker  layers  (usually 
a red-brown  soil  matrix  is  presentX  indicating  that  eruption  of  ash 
and  lava  occurred  concurrently,  in  contrast  to  the  situation  during 
formation  of  the  Pahala  Ash  and  the  lower  parts  of  the  Pohakaa 
Ash  Member.  There  is  also  more  primary  ash  material  in  the  upper 
beds  than  in  the  middle  beds.  Yellow-brown  palagonite  is  more 
abundant  in  the  upper  beds,  and  small-scale  channeling  (less  than  2 
m across X crossbedding,  and  other  sedimentary  structures  common 
to  the  middle  beds  arc  less  pronounced  in  the  upper  beds.  A section 
through  the  Pohakaa  Ash  Member  at  Pohakaa  Arroyo  is  described 
in  table  1 1.3. 

The  thickness  of  the  middle  and  upper  beds  is  difficult  to 
establish.  At  Keana  Bihopa  and  Pohakaa  Arroyo,  the  middle  and 
upper  beds  are  thickest  where  located  in  the  deepest  parts  of  the 
valley  chutes,  central  to  the  incised  valleys.  Aa  flows  are  present 
locally  in  these  channels,  but  they  do  not  fill  them.  Along  Moolelo 
and  at  Puu  Kapukapu,  the  beds  of  the  Pohakaa  Ash  Member  are 
much  more  uniform  in  thickness,  and  they  can  be  traced  laterally 
with  little  variation  in  thickness.  These  latter  two  areas  lack  present- 
day  stream  channels.  The  presence  of  the  thickest,  best  developed 


Digitized  by  Google 


252 


VOLCANISM  IN  HAWAII 


LITHOLOGY 

Yadov*  -brown  palagontte,  beda  1 -3  cm  thick, 
brown  b«da  contain  cinder*  1 -2  mm  largo, 
(primary  aah.  25  cm  thick) 


Rounded,  vehicular  lava  and  rock  fragment*, 
as  largo  as  6 cm  (rawoikod  aah  and  aodi 
manta.  10  cm  thick) 


Gray  to  yaRow  -brown  palagorvta  (primary 
aah.  6 cm  thick  I 


Rod.  Mack. and  gray  rounded  lava  fragments 
as  Urge  as  3 cm  (reworked  ash  and  sadi 
“I  monte.  1-3  cm  thick) 


Gray -brown  palagonita.  bedding  on  5 -mm 
scale,  vrtnc  Cinders  as  largo  as  1 mm 
I primary  ash,  7 cm  thick) 


FIGURE  1 1.6. — Clowup  wv  of  lower  beds  of  Pohakaa  Aah  Member,  Krana  Bihopa.  thowing  typical  bedding  and  lithology.  Rah  ala  Ash  beds  are  samlar  to  thoae 

ahovm  here. 


FIGURE  1 1.7. — Middle  bed»  of  l^hakaa  Aih  Member  of  Hilrna  Baub.  Keana 
Bihopa.  Stream  channel  and  manor  crowbeda  to  left  of  hammer  (30  on  long)  are 
mantled  by  later  aah  and  atream  drpoaita.  Overlying  aa  flow  (upprr  nghl)  fills  later 
channel  developed  within  upper  beds  m photograph. 


sections  in  current  valley  cuts  and  the  absence  of  channels  elsewhere 
along  the  palis  indicate  that  the  drainage  system  on  the  south  Hank  of 
Kilauea  has  changed  very  little  for  several  thousand  years. 

At  Pohakaa  Arroyo,  in  the  middle  beds  of  the  Pohakaa  Ash 
Member,  a crossbedded,  rippled,  pale-gray  unit  of  finely  laminated 


beds  containing  lithic  and  crystal  fragments  forms  a horizon  10-15 
cm  thick  that  is  interbed ded  with  the  typical  red  and  yellow-brown 
palagonite  beds  (fig.  1 1 .8).  This  unit  closely  resembles  an  outcrop  al 
the  Lanai  Lookout  on  Oahu  described  by  Fisher  (1977)  and 
attributed  to  base-surge  deposition.  Unfortunately,  there  are  no 
diagnostic  textures  present  at  the  Pohakaa  exposure  that  would 
confirm  a base-surge  origin  for  the  deposit.  The  proximity  of  this 
outcrop  to  the  southwest  rift  zone  does  indicate  that  a base-surge 
deposit  could  be  present.  No  similar  unit  was  found  in  any  of  the 
other  Hilina  sections. 

Abundant  soils,  red-brown  palagonite,  and  extensive  stream 
development  imply  a more  humid  climate  during  the  deposition  of  the 
Pohakaa  Ash  Member  than  at  present.  This  is  supported  by  the 
presence  of  MctrosuJcnu  sp.  (Ohia  lehua)  tree  molds  in  flows 
overlying  the  middle  beds  of  the  Pohakaa  Ash  Member  at  F\iu 
Kapukapu  and  at  Pohakaa  Arroyo.  These  are  the  only  tree  molds 
found  in  the  Hilina  section,  other  than  those  present  in  flows  within 
and  overlying  the  Pahala  Ash. 

The  age  of  the  Pohakaa  Ash  Member  is  not  known.  The 
member  is  older  than  30  ka  because  it  underlies  the  Pahala  Ash 
(Kelley  and  others.  I979X  and  it  may  be  on  the  order  of  40-50  ka. 
This  age  is  based  on  lava  and  ash  accumulation  rates  obtained 
from  Nanahu  Arroyo2  by  Easton  (1978):  I cm/yr  for  100  m lava; 
I cm/yr  for  10  m of  ash  and  soil.  No  chemical  data  are  available  on 
ash  from  the  Pohakaa  Ash  Member.  Refractive- indet  measure- 
ments of  basaltic  glass  from  the  member  are  similar  to  those  of  other 
Kilauea  glass  samples  (fig.  11.9).  A Kilauea  source  is  thus  very 
likely  for  the  primary  ash  units  in  the  Pohakaa  Ash  Member,  and 
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Figure  1 1 .8. —Middle  bed.  of  Pohakaa  Ash  Member  of  Him*  B*sah.  Pbhaka* 
Arroyo  Undulating  bed*  near  hammer  may  be  b**e-*tirge  deposit  See  text  (or 
additional  detail*. 


the  distribution  of  ash  material  in  the  member  is  consistent  with  such 
a source.  As  discussed  in  further  detail  below  in  the  section  “Pahala 
Ash,"  a Maun  a Loa  source  for  both  the  Pahala  and  the  Pohakaa 
cannot  be  ruled  out. 

Moo  Ash  Member  (new  term) 

The  Moo  Ash  Member  is  well  exposed  along  the  Hilina  Pali 
and  is  also  present  at  Puu  Kapukapu  and  Puueo  Pali.  The  name  is 
derived  from  Moo  Arroyo2,  where  the  unit  is  exposed;  Moo  is  the 
Hawaiian  word  for  dragon.  The  type  section  is  at  Keana  Bihopa 
and  is  described  in  tables  1 1 . 1 and  11.3. 

At  Keana  Bihopa,  the  Moo  Ash  Member  underlies  a 
sequence  of  olivine  basalt  pahoehoe  flows  10-12  m thick,  which  are 
capped  by  Pahala  Ash.  At  this  locality,  the  Moo  Ash  Member 
ranges  in  thickness  from  2.5  m on  the  inward  (north)  side  of  the 
arroyo  to  1.5m  near  the  face  of  the  pali.  The  overlying  flows  thicken 
where  the  ash  thins.  It  appears  that  the  ash  has  been  eroded  away 
from  the  lip  of  the  pah  and  later  covered  by  flows  that  draped  the 
pah.  The  Moo  Ash  Member  is  lithologically  similar  to  the  Pohakaa 
Ash  Member  and  the  Pahala  Ash,  being  composed  of  a mixture  of 
palagonite  and  vitric  ash  (primary  ash  beds)  and  reworked  ash  and 
sediment. 

Criteria  for  distinguishing  the  Moo  Ash  Member  from  the 
F^hala  Ash  include  the  following:  (I)  The  Pahala  Ash  is  overlain 
by  and  intercalated  with  flows  bearing  tree  molds  of  Cibothim  sp. 
(tree  ferns).  No  tree  molds  are  found  below  the  base  of  the  Pahala 
Ash  down  to  the  middle  beds  of  the  Pohakaa  Ash  Member.  (2) 
The  Moo  Ash  Member  is  a tuff  and  sediment  horizon  I -2  m thick 
located  10- 1 5 m below  the  Pahala  and  separated  from  it  by  a series 
of  miner alogically  uniform  basalt  flows.  (3)  The  Moo  Ash  Member 
contains  several  beds  of  accretionary  lapilli,  which  are  absent  from 
the  Pahala  Ash  on  Kilauea. 

The  Moo  Ash  Member  may  be  present  at  Puu  Kapukapu  and 
Puueo  Plah  (fig.  11.4)  as  a bed  of  yellow-brown  palagonite  and 


FIGURE.  II .9.  — Rrfractive  mda  mruumnrnlt  of  KJun  glass  and  p*li«o(irtr 
and  Main*  Kra  gjau  showing  basaltic  nalurr  at  preserved  glass  m Pahala  Ash 
and  Pbhakaa  Ash  Member.  Sources  identihed  by  number  I . Dufheld  and  others 

(1977).  2.  La  si  on  (1978).  3.  Wentworth  (1938);  4.  Macdonald  (19491 
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sediment  50-100  cm  thick  and  located  3 m below  the  base  of  the 
Paha  la  Ash.  At  both  these  localities,  and  at  Puu  Kaone,  this  ash 
layer  lacks  accretionary  lapilh,  and  its  assignment  to  the  Moo  Ash 
Member  is  tentative. 

In  some  areas  the  Moo  Ash  Member  may  be  conformable  with 
the  lower  part  of  the  Pahala  Ash.  and  in  such  instances  it  would  be 
difficult  to  distinguish  the  two  units  without  radiocarbon  ages.  At 
present,  the  Moo  Ash  Member  is  considered  part  of  the  Hilina 
Basalt,  because  the  overlying  lavas  are  similar  chemically  to  those  of 
the  Hilina  Basalt  and  distinct  from  F\ina  Basalt  flows,  and  wher- 
ever  the  Moo  Ash  Member  is  exposed,  it  is  separate  from  the 
Pahala  Ash. 

The  age  of  the  Moo  Ash  Member  is  not  precisely  known.  It  is 
older  than  the  24  ka  age  for  the  base  of  the  Pahala  Ash  at  Puu 
Kaone  and  the  30  ka  age  for  the  base  of  the  F^hala  Ash  on  Maurta 
Loa  (Kelley  and  others,  1979).  A reasonable  estimate  for  the  age  of 
the  Moo  Ash  Member  is  between  30-35  ka.  Charcoal  is  present  in 
the  Moo  Ash  Member,  but  sufficient  quantities  have  not  yet  been 
recovered  for  dating  purposes.  The  Moo  Ash  Member  is 
lithologically  similar  to  the  Pohakaa  Ash  Member  and  the  Pahala 
Ash  and  probably  had  a similar  origin  and  source. 


PAHALA  ASH 

The  Pahala  Ash  on  Kilauea  Volcano  is  only  exposed  atop  fault 
scarps  at  Hilina  P^li,  Puueo  Raii,  Holei  Pali,  F\iu  Kapukapu,  and 
Puu  Kaone,  and  in  the  Glenwood  District  (figs.  11.3,  11.10);  The 
distribution  of  the  Pahala  Ash  on  the  Island  of  Hawaii  is  shown  in 
figure  11.10.  The  Pahala  Ash  on  Kilauea  has  been  described  by 
Stone  (1926X  Steams  and  Clark  (I930X  Wentworth  (I938X 
Steams  and  Macdonald  (I946X  Fraser  (I960X  Walker  (I969X 
and  Easton  (I978X  Steams  and  Macdonald  (1946)  review  the 
older  literature  on  the  Pahala  Ash  on  the  Island  of  Hawaii,  much  of 
which  is  concerned  with  the  origin  and  source  of  the  ash.  Wentworth 

(I938X  Hay  and  lijima  (I968X  and  Hay  and  Jones  (1972)  present 
chemical  analyses  of  the  Pahala  from  Kilauea,  although  many  of 
these  samples  were  highly  altered.  Hay  and  lijima  (I968X  Hay  and 
Jones  (1972),  and  Easton  and  Easton  (1983)  have  examined  the 
alteration  of  the  Pahala  Ash. 

The  formation  was  named  for  the  town  of  Pahala  on  Mauna 
Loa  Volcano,  where  the  ash  is  exposed  on  the  surface,  but  not  in 
section  (Wentworth,  I938X  Steams  and  Macdonald  (1946)  do  not 
specify  a type  or  reference  locality  but  do  present  a section  through 
the  Pahala  Ash  at  the  base  of  Kaoiki  Pali,  5 km  southwest  of 
Kilauea  caldera.  Wentworth  (1938)  describes  a number  of  sections 
through  the  Pahala  Ash.  ITie  Pahala  Ash  at  Puu  Kapukapu  and 
Puu  Kaone  on  Kilauea  (fig.  11,3)  is  well  oeposed,  and  it  is 
proposed  that  sections  at  these  two  localities  be  designated  as 
reference  sections  for  the  Pahala  Ash  on  Kilauea.  A section  through 
the  Pahala  Ash  at  Mootelo  (fig.  1 1 . 1 1 ) is  typical  of  the  character  of 
the  formation  on  the  south  flank  of  Kilauea  and  is  here  designated  as 
the  principal  reference  section.  It  consists  of  a mixture  of  yellow- 
brown  palagonite  derived  from  weathered  ash,  and  beds  of 
reworked  ash  and  sediment.  The  section  at  Puu  Kaone  (fig.  11.12) 


EXPLANATION 

Ash  (formerly  < ailed  Pahala  Ash  by  u»nr 
workers),  probable  source  Maun*  Kea  — 
Boundary  dashed  where  approximately  lo- 
cated 

Pahala  Ash,  probable  source  Kilauea  or  Mauna 


1 .5  Thickness  ol  Pahala  Ash.  in  meters 

Isopach  enclosing  area  where  thickness  of 

Pahala  Ash  exceeds  1 m 

Figure  II  10 — Dntnbutioa  of  Pahala  Ath  on  bland  of  Hawaii.  Dais 
Steams  and  Macdonald  (1946)  and  Fraser  (1%0}  The  main  period  of  Pxhals 
deposition  on  Kilauea  and  Mauna  Loa  was  between  24  lu  and  10  ka  (Kelley 
others,  1979}  Ostnbutmn  of  Pahala  Ash  is  also  consistent  with  a Mauna 
source  instead  of  Kilauea  source  indurated  here. 


shows  the  presence  of  intercalated  flows,  which  are  present  locally 
throughout  the  Pahala  Ash. 

Flows  are  interbedded  with  or  overlie  the  Pahala  Ash  at  Puu 
Kaone,  Puu  Kapukapu,  and  in  places  along  the  Hilina  Pali.  Flows 
within  the  Pahala  Ash  are  more  abundant  south  and  east  of  the 
summit  area  and  are  characterized  by  the  presence  of  Cibotium  ip. 
(tree  fern)  tree  molds  1 3-25  cm  in  diameter.  In  addition,  some  flow* 
contain  hypersthcnc,  a mineral  rarely  observed  in  the  Hilina  Basalt. 
Chemically,  these  lava  flows  are  similar  to  Pima  Basalt  lava  Aims, 
and  they  are  here  considered  to  be  part  of  the  Puna  Basalt.  The}' 
are  also  miner alogically  similar  to  the  Puna  Basalt  flows,  and  they 
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FIGURE  11.11.  — Measured  tectioa  of  Pah*L  A*h  espo*ur«  14.25  m (luck  at 
MooteJo,  Hilaia  Ml.  20  km  »outh  of  Kiloor-a  caldera  (lai  l^l 7*  N..  long 
155*19'  W.X  shown*  proportion  of  aiti  and  rework rd  material  (und  and  gravd) 
in  typical  section 


differ  only  in  the  presence  of  tree  molds.  In  areas  where  the  Pahala 
Ash  is  absent,  it  is  unlikely  that  these  flows  could  be  distinguished 
from  other  Puna  Basalt  flows.  This  supports  the  historical  designa- 
tion of  the  Pahala  Ash  as  essentially  a pyroclastic  unit. 


Pahala  Ash  beds  at  F\iu  Kapukapu  are  I -2  m thick  and  are 
underlain  by  6—8  m of  basalt  flows  with  Cibodum  sp.  tree  molds. 
Farther  east,  the  beds  arc  0-2  m thick  and  are  overlain  by  10-12 
m of  divine  basalt  flows  and  capped  by  an  additional  2-4  m of  ash. 
The  section  at  Puu  Kaone  (fig.  11.12)  is  similar  in  that  it  also 
contains  interbedded  Puna  flows.  At  Puueo  Pali,  farther  to  the 
east,  three  I m thick  ash  beds  are  interstratifled  with  lava  flows  30  m 
below  the  top  of  the  pali.  These  beds  contain  coarser  vitric 
fragments  than  are  common  to  the  west,  and  they  may  be  related  to 
hre-fountaining  along  the  east  rift  zone.  If  this  is  the  case,  these  ash 
beds  may  not  be  correlative  with  the  Pahala  Ash. 

Widely  varying  thicknesses  for  the  Pahala  Ash  at  Puu  Kaone 
(10- 1 4 m)  and  F\iu  Kapukapu  (6—12  m)  have  been  reported  in  the 
literature  (Stone,  1926;  Steams  and  Clark,  1930;  Wentworth, 
1938;  Steams  and  Macdonald.  1946),  but  these  figures  include  the 
lava  flows.  Ground  slumping  in  the  area  has  moved  blocks  of  ash 
downslope,  burying  underlying  flows  and  coating  flows  with  a thin 
veneer  of  ash.  Both  effects  make  the  Pahala  Ash  appear  thicker 
than  it  truly  is. 

The  Pahala  Ash  exposed  along  the  Hilina  Rdi  averages  1 5 m 
in  thickness.  In  addition,  the  amount  of  primary  ash  versus  reworked 
ash  and  sediment  is  greater  along  the  Hilina  Pali  (50  percent 
primary)  than  at  Kapukapu  (25-40  percent  primary).  Both  effects 
are  consistent  with  a source  for  the  Pahala  on  Kilauea  or  Mauna 
Loa  (see  later  discussion). 

On  Mauna  Loa,  the  Pahala  Ash  contains  fewer  reworked  or 
sedimentary  beds  than  on  Kilauea,  and  lapilli-size  material  is  more 
common  (Steams  and  Macdonald,  I946)l  The  thickness  of  the 
Pahala  Ash  on  Mauna  Loa  varies  (fig.  11.1  OX  but  locally  it  is  as 
thick  as  on  Kilauea.  On  parts  of  Mauna  Loa,  the  ash  resembles 
loess  and  may  have  been  transported  by  wind  either  during  or  after 
deposition. 

A charcoal  sample  collected  by  G.  Fraser  from  the  lower  part 
of  the  Pahala  Ash  at  Piiu  Kaone  was  dated  at  1 7. 36 ±0.65  ka 
(Rubin  and  Berthold,  1961).  Resampling  near  this  site  in  1977  at 
the  base  of  an  olivine  basalt  flow  (Puna  Basalt)  interbedded  with  the 
ash  (flg.  11.12)  yielded  charcoal  that  was  dated  al  22. 5 ±0.5  ka 
and  22.8  ±0.5  ka  (Kelley  and  others,  I979)l  These  ages  are 
preferred  over  the  previous  age  of  1 7. 36  ka  because  three  counters 
were  used  instead  of  one,  and  the  earlier  sample  was  diluted  because 
of  insufficient  carbon  (M.  Rubin,  written  commun. , 1978X  The 
data  indicate  that  the  base  of  the  Pahala  Ash  on  Kilauea  has  an  age 
of  about  23-25  ka.  An  age  of  31.1  ±0.9  ka  has  been  reported 
from  the  base  of  Pahala  Ash  on  Mauna  Loa  (Kelley  and  others, 
1 979).  This  is  older  than  the  age  at  Puu  Kaone,  and  it  is  possible 
that  these  lowermost  dated  ash  beds  on  Mauna  Loa  may  be 
correlative  with  the  Moo  Ash  Member  of  the  Hilina  Basalt  on 
Kilauea. 

The  upper  part  of  the  Pahala  Ash  has  been  dated  at  several 
localities  on  Mauna  Loa  and  Kilauea  (see  Kelley  and  others,  1979X 
The  ages  range  from  about  1 2 ka  to  0.2  ka;  such  a range  would  be 
ocpected  because  these  ages  date  the  time  the  formation  was  first 
buried  by  lava.  The  oldest  of  these  overlying  flows  have  ages  of 
10-12  ka,  indicating  that  the  bulk  of  the  ash  was  deposited  between 
24  ka  and  1 0 ka  on  the  two  volcanoes.  Little  flow  activity  occurred 
on  the  south  flank  of  Kilauea  during  this  interval.  The  upper  part  of 


Digitized  by  Google 


256 


VOLCANISM  IN  HAWAII 


the  Paha  I a Ash  is  obviously  not  useful  as  a time- stratigraphic 
horizon  because  of  the  long  interval  between  deposition  and  burial  of 
the  ash.  The  base  of  the  ash  may  mark  a time- stratigraphic  horizon, 
but  additional  ages  are  needed  to  confirm  this.  The  origin  of  the  ash 
is  discussed  later  in  the  paper. 

PUNA  BASALT 

The  Puna  Basalt  covers  most  of  Kilauea  and  was  mostly 
erupted  within  the  last  10,000  years  following  Pahala  Ash  deposi- 
tion. Historical  lava  flows  are  included  within  the  formation.  The 
name  is  derived  from  the  Puna  District  of  Kilauea,  where  these  flows 
are  abundant  (Steams  and  Macdonald,  1946).  Although  Steams 
and  Macdonald  defined  the  Plina  as  overlying  the  Pahala  Ash.  lava 
flows  here  considered  to  be  part  of  the  Puna  are  locally  intercalated 
with  the  Pahala  Ash  (see  section  "Pahala  Ash").  Thus,  the  base  of 
the  Puna  Basalt  generally  overlies  the  Pahala,  but  locally  may  be 
present  within  the  Pahala  and  may  be  as  old  as  about  23  ka.  No 
good  sections  of  the  prehistoric  lava  flows  arc  present  tn  the  type 
locality  designated  by  Steams  and  Macdonald  (1946,  p.  I93-I94X 
in  the  walls  of  Kilauea  caldera,  although  many  surface  exposures  of 
flows  are  present. 


MqO  content,  in  weight  percent 


FkiuRE  11.13. — T1O2  content  plotted  against  MgO  content  for  two  Bum 
lithologies  m Pahala  Ash  Palagonite  beds  show  a wide  range,  m part  because  of 
in-place  .ihr ration  (Hay  and  Jones.  1972;  Fusion  and  Easton.  19631  DetnlaJ 
beds  m Pahala  Ash  fall  in  held  of  ret  ml  Kilauea  stream  and  beach  sands  and  show 
less  evidence  of  alteration  (Fusion  and  Fusion,  I9B3X  Straight  line  separates  held 
of  Kilauea  and  Mauna  Loa  lava  flows  i Wriyh,  1971 ; Flaston  and  Garda.  I90OX 
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LAVA  FLOWS 

There  are  some  slight  chemical  and  mineralogkal  differences 
between  Hilma  Basalt  and  Puna  Basalt  lavas  (see  section  above  on 
Hilina  Basah;  Easton  and  Garcia,  1980).  Descriptions  of  Puna 
Basalt  lava,  particularly  the  historical  flows,  can  be  found  in  Steams 
and  Clark  (1930),  Steams  and  Macdonald  (1946X  Easton  and 
Garcia  (I980X  and  Holcomb  (1 98 IX  Chemical  analyses  of  pre- 
historic flows  of  the  Puna  Basah  are  given  in  Wright  (197 IX 
Sections  through  the  prehistoric  flows  of  the  formation  are  present  in 
the  walls  of  Kilauea  caldera,  notably  at  Uwekahuna  Bluff.  Other 
sections  through  prehistoric  flows  are  in  pit  craters  along  the  east  rift 
zone,  including  Kilauea  Iki,  Makaopuhi  Crater,  and  Napau  Crater; 
and  along  the  Hilina  Pali  at  the  same  locations  as  the  Hilina  Basah 
exposures;  these  sections  can  be  regarded  as  reference  sections  (table 
11.1)  for  the  Pima  Basah  because  they  typify  groups  of  flows 
originating  from  the  summit,  the  east  rift  zone,  or  both  areas  of 
Kilauea. 

PYROCLASTIC  AND  SEDIMENTARY  DEPOSITS 

Several  prehistoric  ash  units  are  uiterbedded  with  lava  flows  of 
the  Puna  Basah.  Only  two  of  these  units  have  been  given  formal 


status  as  members  of  the  Puna  Basah — the  Keanakakoi  Ash 
Member  and  the  Uwekahuna  Ash  Member  (renamed  to  indicate 
their  dominant  lithology;  formerly  the  Keanakakoi  and  Uwekahuna 
Members  of  Easton  and  Garcia,  I960)  These  members  are 
generally  restricted  to  the  summit  region  of  Kilauea.  Apart  from 
these  and  several  unnamed  older  ash  layers,  the  products  of  the  1 924 
phreatic  eruption  in  Kilauea  crater  are  also  present  overlying  the 
Keanakakoi  Ash  Member  on  the  southwest  flank  of  Kilauea 
(Decker  and  Christiansen,  1984)  These  very  young  deposits  are 
considered  to  be  part  of  the  Pima  Basalt. 

OujfcK  Ash  Units 

At  Nanahu  Arroyo  along  the  Hilma  fault  system  (figs.  11.3, 
11.14)  several  flow  and  ash  units  overlie  the  Pahala  Ash.  The 
uppermost  of  these  units  has  a radiocarbon  age  of  M3 ±0.25  ka 
(Kelley  and  others.  1979)  and  may  be  correlative  with  the 
Uwekahuna  Ash  Member.  The  next  lowest  soil  layer  was  overlain 
by  lava  at  about  3.48  ±0.25  ka  (Kelley  and  others,  I979X  A third 
unit  consists  of  65  cm  of  ash  that  overlies  a 69-em-thick  soil  horizon 
developed  on  a lava  flow  overlying  the  Pahala  Ash.  This  ash  unit 
was  covered  by  lava  at  4.82  ±0.2  ka  (Kelley  and  others,  1979X 


Tafcjt 


EXPLANATION 

I Larva  IV>w> 


I 1 SM 


X Sim  ol  charcoal  tampia 
4 82  ha  arvd  radocarhoo  ag« 


Figure  11.14.  — Stratigraphic  section  through  Puna  Basalt  at  Nanahu  Arroyo.  Location  of  dated  charcoal  tampln  (Kelley  and  other*.  1979)  and  Puna  Bacall  rod  and  a*h 

unit*  are  shown.  Only  part  of  apoted  Pahala  A*h  at  this  locality  it  thown. 
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Given  (he  thick  accumulation  of  soil  beneath  the  ash  and  the  minimal 
evidence  of  soil  formation  in  the  ash  itself,  this  age  may  be  close  to 
the  time  of  ash  deposition.  None  of  these  older  ash  units  is 
widespread  enough  to  be  given  formal  stratigraphic  status  at  present, 
but  they  do  indicate  older  explosive  activity  of  Kilauea  Volcano 
between  the  times  the  Pahala  Ash  and  Uwekahuna  Ash  Member 
were  deposited. 

Uwekahuna  Ash  Member 

The  Uwekahuna  Ash  Member  is  a hydromagmalic  deposit 
exposed  near  the  base  of  the  present  caldera  cliffs  at  Kilauea  and  cm 
or  near  the  surface  of  some  areas  on  the  southeast  flank  of  Mauna 
Loa.  The  unit  was  named  by  Stone  (1926)  for  Uwekahuna  Bluff, 
where  about  5 m was  previously  well  exposed  (see  Powers,  1916k  It 
was  subsequently  covered  by  lava  and  has  been  partly  exposed 
(about  2 m)  more  recently  (Casadevall  and  Dzunsm,  chapter  1 3k 
The  member  has  a distribution  similar  to  that  of  the  Keanakakoi 
Ash  Member,  and  it  probably  had  a similar  origin  (Decker  and 
Christiansen,  1984k  Radiocarbon  ages  on  charcoal  from  overlying 
and  underlying  flows  indicate  an  approximate  age  of  I . I - 1 . 5 ka  for 
this  unit  (Kelley  and  others,  1979k  Descriptions  of  the  unit  are 
found  in  Casadevall  and  Dzurisin  (chapter  13k  and  also  in  Powers 
(1916k  Wentworth  (1938k  Steams  and  Macdonald  (I946X  and 
Decker  and  Christiansen  (1984k  A reference  section  is  here  desig 
naled  as  shown  in  table  1 1 . 1 . 

Keanakakoi  Ash  Member 

This  unit  was  originally  called  the  Keanakakoi  Formation  by 
Wentworth  ( 1 938k  who  considered  it  to  comprise  the  whole  series  of 
ash  layers  southwest  of  Kilauea  caldera,  including  ash  of  the  1790 
and  1924  eruptions.  The  name  is  derived  from  Keanakakoi  Crater 
near  Kilauea  caldera,  and  the  unit  is  well  exposed  at  its  type  locality 
along  scarps  southwest  of  Keanakakoi  Crater.  Powers  (1948)  also 
considered  the  unit  to  include  all  fragmental  eruptive  deposits 
southwest  of  Kilauea  caldera,  and  he  recognized  that  these  deposits 
included  a number  of  unconformities.  Only  the  uppermost  layer  of 
the  member  was  considered  by  Powers  (1948)  to  be  related  to  the 
1790  eruption.  Recent  work  by  Swanson  and  Christiansen  (I973X 
Christiansen  (1979k  and  Decker  and  Christiansen  (1984)  indicate 
dial  the  member  consists  of  fallout,  pyroclastic -surge,  and  reworked 
deposits,  and  were  mostly  deposited  during  the  1790  eruption. 
Recent  radiocarbon  dating  has  confirmed  this  interpretation  (Kelley 
and  others,  1979k  Decker  and  Christiansen  (1984)  showed  an 
idealized  section  of  the  member,  Malin  and  others  (1983)  briefly 
described  the  member,  and  Steams  and  Clark  (1930)  produced  a 
map  of  its  distribution. 

Decker  and  Christiansen  (1984)  noted  the  following  six  mafor 
units  within  the  Keanakakoi  Ash  Member,  each  unit  separated  from 
its  neighbors  by  truncated  surfaces:  (I)  Basal  wind -redeposited 
Wei  hair  and  reticulite  pumice.  (2)  Predominantly  well  sorted 
vitric  ash  with  planar  mantle  bedding.  (3)  Less  well  sorted  lithic  - 
vitric  ash,  commonly  with  wavy  and  lenticular  bedding,  cross- 
stratification.  and  bedding  sags  beneath  lithic  blocks.  (4)  A local 
lava  flow.  (5)  Lithic  ash  and  blocks,  with  abundant  accrectionary 


lapilli  and  cross-stratification.  (6)  An  uppermost  deposit  of  fallout 
and  wind-resorted  pumice  and  Peles  hair.  Units  I and  2 correspond 
roughly  to  the  “lower  mixed  unit"  of  Malin  and  others  ( 1 982);  unit  3 
is  their  “intermediate  vitric  unit";  and  unit  5 is  their  “upper  lithic 
unit."  Malin  and  others  (1982)  suggested  that  the  upper  layer  of 
fallout  and  wind-resorted  pumice  and  File's  hair  was  deposited 
between  1790  and  1823,  but  do  not  include  it  in  their  Keanakakoi. 

The  definition  of  the  Keanakakoi  in  this  report  is  that  of 
Decker  and  Christiansen  (1984k  including  both  the  lower  and  upper 
pumices.  The  Keanakakoi  was  mainly  deposited  during  the  1790 
eruption,  but  the  basal  pumice  is  slightly  older  (R.L.  Christiansen, 
oral  commun. , 1 986k  and  the  overlying  fallout  and  the  unconforma- 
bly  overlying  fallout  and  resorted  pumice  layer — the  “golden 
pumice"  of  Sharp  and  others  (chapter  1 5) — is  circa  A.  D.  1 820. 

PALEOCLIMATE  AND  PALEOGEOGRAPHY 

During  the  10,000  to  15,000  years  of  Pahala  Ash  deposition 
on  Kilauea,  very  few  lava  flows  reached  its  south  flank.  This  in  part 
accounts  for  the  thickness  of  the  formation  and  is  probably  a result  of 
diversion  of  lava  away  from  the  south  flank  by  an  incipient  Kaoe 
fault  zone,  by  entrapment  of  lava  within  a deep  caldera,  or  by  a 
prolonged  period  of  mainly  ash  production  at  Kilauea  caldera.  This 
long  period  of  deposition  also  allowed  reworking  of  the  ash  and 
development  of  sheetwash  plains  consisting  of  reworked  ash  and 
broken  flow  material,  much  as  is  occurring  today  southwest  of 
Kilauea  caldera.  Similar  conditions  probably  also  existed  during 
deposition  of  the  Poh&kaa  Ash  Member  of  the  Hilina  Basalt. 

In  addition,  lava  flows  intercalated  with  and  immediately 
overlying  the  Pahala  Ash  and  Pohakaa  Ash  Member  contain 
abundant  tree  molds.  The  presence  of  Cibotrum  sp.  (tree  fern)  molds 
as  much  as  25  cm  in  diameter  within  Pahala  flows  at  Puu  Kaone  and 
Puu  Kapukapu  indicate  that  sufficient  time  elapsed  between  deposi- 
tion of  the  ashes  and  the  flows  to  produce  forest  growth  (about  400 
years;  see  Atkinson,  1971k  Annual  rainfall  of  about  200  cm  » 
needed  for  the  development  of  fern  forests.  The  area  of  these  molds 
now  receives  less  than  50  cm  of  ram  annually;  hence  a wetter  climate 
probably  existed  during  these  periods  of  ash  deposition.  Tree  molds 
are  absent  elsewhere  in  the  Hilina  Basalt.  This  paleoclimatic  regime 
may  also  have  been  important  in  establishing  conditions  favorable  for 
ash  production  (for  example,  by  producing  a higher  ground  water 

tablek 

DISCUSSION 

In  the  following  discussion  on  the  origin  and  source  of  the 
Pohakaa,  Moo,  and  Pahala  pyroclastic  deposits,  emphasis  is  placed 
on  the  better  studied  Pahala  Ash.  However,  all  of  these  units  are 
similar  in  lithology  and  distribution,  and  the  comments  with  regard 
to  the  Pahala  Ash  are  probably  applicable  to  tbe  Pohakaa  and  Moo 
ashes  as  well. 

The  source  of  the  Pahala  Ash  is  controversial.  Steams  and 
Clark  (1930)  and  Wentworth  (1938)  attributed  the  ash  to  explosive 
eruptions  of  vents  on  Mauna  Loa  Volcano  and  elsewhere  outside 
Kilauea.  Stone  (1926k  Steams  and  Macdonald  (1946k  Fraser 
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(I960)  and  Easton  (1978)  regarded  the  Pahala  deposits  southwest 
of  Kilauea  caldera  as  originating  from  Kilauea  (fig.  1110)  Refrac- 
tive-index measurements  of  Pahala  Ash  glass  (fig.  11.9)  and 
chemical  analyses  of  the  glass  (Fraser,  1960;  Hay  and  lijima,  1968; 
Hay  and  Jones,  1972;  Easton  and  Easton,  1983)  confirm  that  the 
bulk  of  the  ash  is  basaltic  in  composition;  hence  it  is  probably  not 
derived  from  Mauna  Kea,  which  would  likely  have  glass  erupted  of 
hawaiite  composition  at  that  time  (Porter.  1979).  Isopach  patterns  of 
the  Rshaia  Ash  (fig.  11.10;  Fraser,  I960)  are  also  consistent  with  a 
Kilauea  source,  as  is  the  greater  proportion  of  ash  versus  detntal 
material  closer  to  the  summit  of  Kilauea  caldera.  However,  the 
isopach  data  is  also  consistent  with  a Mauna  Loa  source  for  the 
PahaJa  Ash  (R.T.  Holcomb,  written  commun.,  1983,  1984) 
Rare-earth-element  data  on  the  Pahala  Ash  (fig.  11.15;  Easton  and 
Easton,  1983)  are  inconclusive  regarding  the  origin  of  the  primary 
ash  material.  It  is  definitely  basaltic  in  composition,  but  alteration 
makes  it  difficult  to  distinguish  between  a Kilauea  and  a Mauna  Loa 
source  (fig.  11.15)  The  detrital  component  of  the  Pahala  Ash  on 
Kilauea  (fig.  1 1 . 1 3)  is  derived  from  the  weathering  of  Kilauea  lavas 
and  is  not  as  altered  as  the  ash  component  of  the  formation  (fig. 
11.13;  Easton  and  Easton,  1983) 

Since  the  original  nature  of  the  Pahala  Ash  is  difficult  to 
decipher  because  of  alteration,  the  origin  of  the  ash  has  also 
remained  controversial.  Two  suggested  origins  are  as  follows;  (I) 
The  ash  may  consist  of  magmatic  fire-fountain  debris  (Steams  and 
Clark,  1930;  Wentworth,  1938;  Steams  and  Macdonald,  1946); 
Steams  and  Macdonald  (1946)  considered  that  most  of  the  Pahala 
Ash  was  of  fire- fountain  origin,  but  allowed  for  the  possibility  of  a 
phreatic  or  phreatomagmatic  origin.  (2)  The  ash  may  be  the  product 
of  phreatic  or  phreatomagmatic  eruptions  of  Kilauea  that  were 
similar  to  but  of  larger  Kale  and  duration  than  the  1 790  and  May 
1924  eruptions  of  Kilauea  s summit  (Stone.  1926;  Fraser,  1960) 

Physical  evidence  for  a phreatic  or  phreatomagmatic  origin 
include  the  presence  of  accretionary  lapilli  and  lathic  and  crystal 
fragments  in  the  Pahala,  Pbhakaa,  and  Moo  ashes  in  addition  to  the 
predominant  vitric  ash.  Judging  from  the  1790  and  1924  eruptions, 
hydromagmatic  activity  at  Kilauea  s summit  is  an  effective  means  of 
producing  large  quantifies  of  ash;  this  process  of  origin  is  also 
consistent  with  a wetter  climate  during  these  periods  of  ash  deposi- 
tion. If  the  ash  is  from  eruptions  at  Mauna  Loa.  then  snow  and  ice  in 
the  summit  area  could  also  have  been  a significant  factor  in  ash 
production  (R.T  Holcomb,  written  commun.,  1983,  1984)  Alter- 
natively, G.A.  Macdonald  (written  commun.,  1978)  reported  that 
the  fire-fountain  debris  for  the  1959  Kilauea  Iki  eruption  could  be 
found  as  far  south  as  Ka  Lae  (the  southernmost  point  on  the  Island 
of  Hawaii)  on  Mauna  Loa,  hence  the  extensive  distribution  of  the 
Pahala  Ash  on  Kilauea  and  Mauna  Loa  does  not  preclude  a 
magmatic  origin.  However,  this  fire-fountain  debris  consists  only  of 
pumiceous  shards  and  FWes  hair  and  does  not  include  blocky  shard 
fragments  such  as  are  common  in  the  Pahala  Ash.  Possibly  both 
origins  are  correct:  the  ash  may  be  predominantly  hydromagmatic  in 
origin,  but  magmatic  deposits  may  also  be  present  locally  within  the 
formation. 

Decker  and  Christiansen  (1984)  have  discussed  the  significance 
of  the  number  of  pyroclastic  deposits  within  the  exposed  Kilauea 


Fic.URF.  11-15.  — Chondnle  normah/cd  rare-earth -dement  (REE)  data  for  PsHala 
Adi  samples.  Sample  EKI03  77  is  a gray-weathenng  sand  bed  from  Pahala  Ash 
at  Keana  Bibopa,  Hilina  Pat.  Its  REE  pattern  is  similar  to  typical  Kilauea  lava 
((or  instance.  Hilina  Basalt  lava  shown)  and  modern  Kilauea  stream  and 
sheetwash  sands  (not  shown;  Easton  and  Easton.  1963);  low  content  of  heavy 
REE  tn  sample  may  be  a result  of  presence  of  detntal  olivine  m the  sample. 
Sample  EKI02-77  is  palgomtued  ash  from  Pahala  Ash  overlying  EKI03-77. 
Although  the  RET  pattern  is  urmlar  to  that  foe  Hilina  Basalt  lava.  REE 
abundances  are  about  20-25  percent  lower  than  in  Lava.  The  tame  is  true  of 
sample  EK2-8I , a Pahala  Ash  sample  from  Mauna  Loa  near  town  of  Waiohmu 
The  RET  loss  in  PahaJa  Ash  paUgoeutr  n similar  to  that  observed  for  soils 
developed  over  Pima  Basalt  lava  flows  from  east  nft  rone  of  Kdaisea  ( EH  I A -62 , 
EH  I B 82)  and  is  probably  rriatrd  to  weathering  and  alteration.  The  RET  data 
indicate  a basaltic  composition  for  Pahala  Ash,  but  alteration,  particularly  with 
respect  to  light  REE,  prevents  discrimination  between  Mauna  lasa  and  Kilauea 


section  with  respect  to  future  volcanic  hazards.  Holcomb  (chapter 
12)  discusses  how  some  of  these  ash  deposits  may  be  related  to 
caldera  collapse  at  Kilauea.  The  ash  horizons  are  therefore  impor- 
tant markers  of  Kilauea  volcanic  activity. 
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Chapter  12 


ERUPTIVE  HISTORY  AND  LONG-TERM  BEHAVIOR 
OF  KILAUEA  VOLCANO 

By  Robin  T.  Holcomb 


ABSTRACT 

Long-term  venations  in  Kilaueas  eruptive  behavior  are 
revealed  by  mapping,  pal eo magnetic  dating,  and  morphologic 
analysis  of  the  surficial  lava  flows. 

About  70  percent  of  KUauea’s  surface  is  younger  than  500 
years,  about  90  percent  younger  than  1,100  years.  Much  of  its 
present  caldera  dates  from  the  18th  century.  An  earlier  caldera 
collapse  about  1,500  years  ago  was  followed  by  an  eruptive 
hiatus  outside  the  caldera  until  summit  overflows  began  about 
1,100  years  ago. 

Kilauea’s  surface  is  dominated  by  the  products  of  sustained 
eruptions;  it  consists  of  67  percent  tube-fed  pahoehoe,  14 
percent  surface-fed  pahoehoe,  and  16  percent  aa.  Eruptions  are 
sustained  longer  at  the  summit  and  are  briefer  along  the  rift 
zones  away  from  the  magma  reservoir  beneath  the  summit. 
More  than  50  percent  of  Kilauea  is  still  covered  by  lava  flows 
from  long-sustained  eruptions  at  the  summit,  despite  an 
absence  of  such  overflows  in  the  last  250  years.  Local  variations 
in  eruptive  behavior  along  different  rift  structures  probably 
reflect  different  connections  to  the  principal  reservoir. 

Changes  in  eruptive  behavior  have  occurred  over  intervals 
of  decades  and  centuries.  Some  changes  have  been  repeated, 
and  some  appear  to  have  been  evolutionary.  Two  caldera  col- 
lapses and  accompanying  large  explosive  eruptions  have  been 
followed  by  intervals  of  little  activity  along  the  subaerial  rift 
zones.  Rift  activity  waxed  as  summit  activity  waned,  and  one 
waxing  sequence  resembles  an  evolutionary  progression:  rift 
eruptions,  at  first  brief  and  widely  separated  in  time  and  space, 
gradually  became  frequent  along  restricted  segments  of  the  rift 
zone  and  culminated  in  sustained  activity  at  localities  pro- 
gressively farther  from  the  summit.  The  current  rift-zone 
activity  resembles  that  which  occurred  in  the  18th  century 
preceding  the  explosive  eruption  of  1790. 

The  causes  of  long-term  eruptive  variation  remain  undeter- 
mined, though  shifts  in  the  sites  of  principal  magma  storage  are 
probably  involved.  Slow  development  of  integrated  plumbing 
along  the  rift  zones  is  probably  interrupted  by  sudden  subsi- 
dences of  the  summit  and  the  unbuttressed  south  flank.  Possible 
behavioral  models  are  classified  as  evolutionary,  cyclical,  and 
stochastic;  they  differ  greatly  in  their  implications  on  long- 
range  forecasting. 


INTRODUCTION 

By  the  early  1970  s it  was  dear  that  an  eruption  history  of 
Kilauea  Volcano  was  needed  for  the  period  preceding  the  1 9th 
century.  The  Polynesian  oral  history  had  been  lost  early  in  that 
century,  and  only  a few  scattered  traditions  had  survived.  During  the 
following  one  hundred  years  Kilaueas  eruptive  behavior  had  shown 
little  change,  being  nearly  continuous  and  almost  completely 
restricted  to  the  caldera  (fig.  12.1  A).  As  a result,  rift  eruptions  were 


thought  rare  and  volcanic  hazards  small,  and  the  Puna  District  was 
extensively  developed  (fig.  12. IB).  However,  summit  activity  had 
become  episodic  after  collapse  of  Halcmaumau  and  explosions  in 
1924,  and  a flurry  of  rift  eruptions  began  in  1955.  Continued  rift 
activity  through  the  1960s  raised  the  possibility  of  a higher  long- 
term eruption  frequency  outside  the  caldera  and  of  consequent 
greater  hazard  (fig.  12. 1 C)  When  I joined  the  staff  of  the  Hawaiian 
Volcano  Observatory  in  1971  I began  to  reexamine  the  risk  and  the 
usefulness  of  the  historical  record  for  assessing  it. 

One  impediment  to  study  of  long-term  eruption  histories  had 
been  a feeling  that  they  could  tell  little  about  future  behavior. 
According  to  the  idealized  life  history  of  Hawaiian  volcanoes  (fig. 
12.2),  a shield  undergoes  distinct  developmental  stages,  including  a 
youthful  growth  stage  and  a mature  caldera  stage.  The  caldera 
develops  when  magma  supply  can  no  longer  overcome  a tendency  for 
the  summit  to  founder  (Macdonald,  1965).  Though  eruptions  may 
continue  vigorously  for  some  time  afterward,  caldera  formation 
marks  the  end  of  shield  growth.  According  to  this  view,  Kilauea  had 
recently  entered  its  mature  stage;  behavior  preceding  caldera  forma- 
tion differed  from  that  occurring  now,  so  little  could  be  learned  about 
present  hazards  through  study  of  precaldera  events. 

Powers  (I948X  however,  had  inferred  that  an  ancient  caldera 
was  filled  and  buried  before  the  present  one  formed.  If  there  had 
been  one  earlier  caldera  there  could  have  been  many;  perhaps  the 
volcano  had  no  distinct  shield-building  and  caldera  stages  but 
underwent  repeated  caldera  collapse  and  filling  as  it  grew 
(Holcomb,  1976b)  If  so,  Kilauea  might  continue  to  grow  long  into 
the  future,  and  events  that  occurred  before  caldera  formation  might 
be  repeated.  In  particular,  collapses  might  interrupt  dikes  transport- 
ing magma  into  nft  zones  (Fiske  and  Jackson,  1972)  and  thereby 
cause  changes  in  long-term  eruption  patterns.  If  repealed  patterns 
occurred,  they  might  tell  much  about  the  operation  of  the  volcano 
and  lead  to  better  forecasts  of  its  behavior.  The  work  reported  here 
was  focused  on  those  possibilities. 
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FlCUKL  12.1.  — Historical  eruption*  and  property  development  net  Ktlauea  Volcano-  A,  Stratigraphy  of  Kdaura,  showing  historical  lava 
flow*  erupted  before  1954.  with  date*  given  for  some  flow*,  from  Siearrn  and  Macdonald  (1946V  B.  Property  subdivisions,  developed 
mostly  after  1950.  C,  Lava  flow*  erupted  during  1955-84. 
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Colorado.  This  report  has  benefited  greatly  from  encouragement  by 
R.W.  Decker  and  reviews  by  D.E.  Champion,  R.L.  Christiansen, 
D.  Dzurisin,  R.B.  Moore,  and  D.W.  Peterson.  The  maps  were 
colored  by  B.M.  Myers,  G.R.  Stoopes,  and  D.E.  Wieprecht. 

PURPOSE  AND  PROCEDURE 

Kilauea  s recent  history  has  been  surveyed  to  evaluate  long-term 
eruptive  changes.  The  work  has  focused  on  the  interval  recorded  by 
the  surficial  lava  flows;  a tentative  history  for  this  interval  has  been 
derived  from  geologic  mapping,  age  determinations,  and  mor- 
phologic analysis  of  eruption  products  (Holcomb,  1980b). 


GEOLOGIC  MAPPING 

In  order  to  establish  stratigraphic  sequences  and  gather  other 
information,  a reconnaissance  geologic  map  of  Kilauea  s subaerial 
edifice  was  made  at  a scale  of  1:30,000  (Holcomb,  1980a;  many 
subsequent  illustrations  herein  are  adapted  from  that  map,  as 
indicated  in  fig.  12.3).  Four  years  of  general  familiarization 
(1971—73)  were  followed  by  several  months  of  systematic  pho- 
tograph interpretation  (1975-76)  and  three  months  of  ground 
checking  (1977).  Emphasis  was  placed  on  lava-flow  morphology. 
Standard  procedures  were  adapted  to  suit  the  particular  goals  of  the 
work,  time  available,  and  characteristics  of  the  mapped  area. 

The  subaerial  part  of  Kilauea  is  about  80  km  long,  averages 
about  20  km  wide,  and  includes  about  1,500  lun2.  It  is  a long, 
domelike  ridge  rising  to  a summit  elevation  of  about  1 ,240  m (fig. 
I2.4A)  The  orographic  rainfall  pattern  renders  it  climatically  and 
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Figure  12. 3 — Continued. 
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FIGURE  12.4. — Variation  o i geographic  and  mapping  condition!  on  Kilaoea  Volcano.  A,  Topography  B,  Annual  rainfall,  from  Taliaferro  (1959).  C,  Vegetation, 

from  Ripper  tan  and  Hot&ka  (1942  k D,  Mapping  confidence 


botanic  ally  diverse,  and  large  parts  range  from  tropical  rain  forest  to 
barren  desert  (fig  I2.4B.C)  These  variations  made  the  mapping 
procedure  very  different  from  one  flank  to  another,  and  as  a result 
mapping  confidence  varies  widely  (fig.  I2.4D) 

A simplified  version  of  the  geologic  map  is  presented  here  as 
figure  12.5.  Though  the  original  is  more  detailed  than  maps  of  most 
other  shield  volcanoes,  it  still  represents  merely  a reconnaissance  for 
the  goal  of  a detailed  eruption  history. 

- 

CLASSIFICATION  OF  LAVA  FLOWS  AND  ERUPTIONS 

In  order  to  examine  more  than  simple  eruption  frequencies,  the 
eruptions  were  classified  according  to  their  behavior.  This  was  done 
through  morphologic  classification  of  eruption  products  (fig.  12.6) 
using  interpretive  principles  developed  during  the  Mauna  Uhi 
eruptions  of  1969-74.  The  morphology  of  a lava  flow  is  influenced 
by  the  behavior  of  the  eruption  that  produces  it,  with  sustained 
effusion  leading  to  a high  degree  of  channelization  and  formation  of 
lava  tubes  (fig.  12.7;  Peterson  and  Swanson,  1974)  Different  kinds 
of  eruptions  produce  different  kinds  of  vent  edifices  and  flow 
assemblages  (Swanson,  1973;  Holcomb.  1976a)  Brief  eruptions 
produce  small  edifices  and  simple  assemblages  of  surface-fed 
pahorhoe  and  aa,  while  long-sustained  eruptions  produce  large  lava 
shields  and  assemblages  dominated  by  tube-fed  paboehoe  (table 
12.1)  Eruptions  of  intermediate  duration,  several  weeks  to  a few 
yean,  typically  produce  small  shields  and  complex  assemblages  of 
all  three  flow  types.  The  flow  assemblages  and  vent  types  were  used 
to  classify  Kilauea's  eruptions  (fig.  12.8) 


DATING 

Most  of  the  ages  obtained  in  this  work  used  a paleomagnetic 
method  based  on  the  secular  variation  of  the  Earths  magnetic  field 
(Holcomb  and  others,  1986)  Oriented  rock  samples  were  collected 
during  four  2 -week  to  3- week  trips  in  1978,  1979,  1981,  and  1983. 

| Directions  of  remanent  magnetization  were  measured  first  at  67  sites 
I on  Java  flows  dated  previously  by  l4C.  Most  of  these  sites  were  on 
the  southeast  flank  of  Mauna  Loa  (fig.  12.9)  where  many  flows 
have  spread  over  weathered  ash  well  suited  for  charcoal  preservation 
(Lockwood  and  Liprnan,  1980)  Results  from  these  sites  were  used 
to  define  a history  of  Hawaiian  secular  variation  during  the  last  few 
thousand  years  (fig.  12.10)  Kilauea  flows  of  unknown  age  were  then 
dated  by  comparing  their  magnetization  with  this  history  of  secular 
variation. 

Flows  could  not  be  dated  precisely  using  this  method,  because 
of  dispersion  in  the  results  between  paleomagnetic  sites  on  lava  flows 
of  similar  l4C  age.  Instead,  it  was  necessary  to  infer  approximate 
ages  using  a semi-quantitative  classification  procedure.  When  direc- 
tions of  dated  flows  younger  than  2.5  ka  were  plotted  on  an  equal- 
area  projection,  they  defined  fields  mutually  exclusive  in  age  (fig. 
12. 1 1A)  Undated  flows  were  then  assigned  ages  corresponding  to 
fields  in  which  they  fell  (fig.  12.1 1 B-F\  The  chronology  offered 
here  is  tentative;  refinements  in  the  history  of  magnetic  secular 
variation  will  no  doubt  lead  to  revisions  in  the  eruption  history. 

In  this  report  the  chronology  of  Holcomb  and  others  (1986) 
has  been  revised  using  result?  from  paleomagnetic  sites  not  yet 
published.  In  paleomagnetic  citations  that  follow,  sites  prefixed  by 
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8B  and  9B  were  collected  in  1978-79  and  published  by  Holcomb  j 
and  others  { 1 986).  Unpublished  sites  prefixed  by  I B were  collected 
by  Holcomb  and  D.E.  Champion  in  1981;  those  prefixed  by  3R 
were  collected  by  Holcomb  and  J.D.  Ward  in  1983;  one  prefixed 
by  4A  was  collected  by  J.P  Lockwood  in  1984. 

Also  used  are  ,4C  ages  by  the  U.S.  Geological  Survey 
radiocarbon  laboratory  in  Rest  on,  Virginia,  directed  by  M.  Rubin. 


Such  ages  are  cited  by  their  laboratory  identification  numbers 
prefixed  by  W.  All  of  the  cited  ages  are  included  in  compilations  by 
Kelley  (1979),  Kelley  and  others  (I979X  or  Rubin  and  others 
(chapter  10X  Though  published  originally  with  laboratory  precision 
to  the  nearest  10  yr,  most  of  the  ages  are  expressed  here  only  to 
about  the  nearest  100  yr.  Replicate  ages  and  comparisons  with 
paleomagnetic  data  suggest  that  dating  precision  is  about  200  yr 
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FigURF.  12.5.  — Reconnaissance  gening*  map  of  Kilauea  Volcano  showing  lava*  erupted  through  1977.  revised  and  simplified  from  Holcomb  1 1980* X which  also  shows 
topography  and  ruhural  fraiurr*  In  this  version,  lava  flows  arc  classified  only  by  age,  m anginal  map  they  were  c lambed  also  by  flow  morphology  and  eruption  type.  Age 
uncertainties  are  discussed  in  tot.  Year  of  eruption  u indicated  for  historical  flows  A.  Summit  region  and  Koae  fault  system.  Volcano  flows  may  have  been  fed  by 
eruptions  of  Mauna  Loa.  VC.  visitor  center  sampling  site  of  Coe  and  others  ( 1 978 X.  B.  Upper  southwest  rift  toae.  Some  Observatory  flows(?)  may  have  been  erupted 
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Year  Of  eruption  ie  Indicated 


EXPLANATION 

Agee  of  rock  unto 

20th  century 
|lP  'll  19th  century 
| ] 18th  century.  Including  Keanakakol  A*h  Member 

\~^M  250-350  yr  B.P.,  including  Observatory  flows 

350-500  yr  BP.  including  Ai-laau  and  Keauhou  flows 
500-750  yr  B.P.,  Including  Kabe  flows 
750-1,000  yr  B.P..  Including  Volcano  flows 
1 * I 1.000-1,500  yr  B.P.,  including  Ktpuka  Nene  flows 

1.500-10,000  yr  B.P.  including  Uwekahuna  Ash  Member 
| | 10.000-25,000  yr  B.P.,  including  Pahala  Ash 

| | >25,000  yr  B.P.,  Including  most  of  Htlina  Basalt 


Puna 

Basalt 


Structural  and  morphologic  features 


"“5 * — Contact;  dashed  where  uncertain,  queried  where  highly  uncertain; 

older  and  younger  units  indicated  by  O and  Y 
— — Fissure;  dashed  where  uncertain 


Eruptive  Assure;  dashed  where  uncertain 


Pyroclastic  cone  or  rampart 


o 


Surflclal  fault;  dashed  where  uncertain;  ball  and  baron  downthrown 

side 

— - J — Buried  fault;  dashed  where  uncertain,  queried  where  highly  uncertain; 
ball  and  baron  downthrown  side 
* Buried  craters;  dashed  where  Inferred 


Measurement  sites 

# W-201  t«c  age  only.  wKh  no  paleomagnetlc  samples.  Code  is  laboratory 
identification  number 

® Sfl/n  1 Paleomagnetic  site  of  this  study  at  a '*C  collection  site  or  on  a flow 
of  otherwise  known  age.  Codes  are  laboratory  Identification 
numbers;  see  text 

£ 16444  Paleomagnetic  site  of  this  study  on  a flow  of  otherwise  unknown  age 


4 | Paleomagnetic  sites  of  previous  studies:  identification  omitted 

A Triangulation  station  (only  a few  included  as  geographic  references) 


from  Mauna  Los,  ss  mapped  by  Steams  and  Macdonald  (19461  C,  l-ower  southwest  nft  tone  Flows  west  of  Great  Crack  may  belong  to  more  age  groups  than 
indicated  here.  D , Flank  south  of  summit  region.  Area  encompasses  much  of  Hihrva  and  Knar  fault  systems,  and  the  Papau  submarine  landslide  (Moore  and  Heel,  1965; 
Foraan  and  others,  1979)  occurs  offshore.  £,  Upper  east  nft  tone  and  south  Hank.  Much  of  this  area  shown  also  in  figure  12.35.  m which  lava  Hows  are  classified  by 
morphology.  F,  Part  of  middle  east  nft  zone  and  south  flank.  South  flank  here  covered  largely  by  Lava  flows  front  Kane  Nus  o Haroo.  G.  South  flank  and  east  nft  zone 
from  Hethesahuht  to  Malania  Especially  prominent  ut  this  area  are  18th-century  lava  flows  of  Hnhnahulu,  which  in  figure  12.40  are  class-died  by  morphology.  H,  East 
nft  zone  from  Kahu  to  Cape  Kumukahi  Flows  of  17th  and  18th  centuries  not  distinguished  conhdmtiy  in  this  area.  Transform  fault  as  inferred  by  Zabloclu  ( 1977)  I. 
Part  of  flank  north  of  middle  east  nft  zone.  This  heavily  forested  area  includes  poorest  known  pad  oi  Kilauea.  J,  North  flank  southeast  of  Kraau  All  flows  older  than 
Ai-laau  shield  in  northern  part  of  this  area  may  have  been  erupted  on  Mauna  Loa. 
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FfcURE  12.5. — Contained. 
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Figure  1 2-  5.—  Continued. 
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Figure  12.5.— Continued. 
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Figure  12.5 — Conimurd. 
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FlCURL  12.5 — Continued 
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Figure  12.5 — Coninurd. 
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EXPLANATION 

I Tcptua 

I Surface- fed  pahorhor 

IH 

i Tube-fed  pahoehoe 
1 J-ewa  flour*  of  Mauna  Loa 


Figure  12.6.  — KiUuea  lava  flours,  clatMfwd  by  morpboiocy;  attentive  lepbra  unit*  are  tbown  teparalety  in  red.  Daabed  hoc*,  gradational  or  unerrtam  contact*. 


(Holcomb  and  others,  1 986).  Large  errors  may  arise  from  con- 
tamination by  modem  organisms  in  subtropical  rainforest  and  by  old 
fumarolic  carbon  elsewhere  (Rubin  and  others,  chapter  9). 


AGE  OF  KILAUEA’S  SURFACE 

Most  surhcial  flows  have  magnetization  corresponding  to  ages 
of  250-1,100  yr  (green  hues  on  fig.  12. 12)i  About  70  percent  of 
the  surface  is  younger  than  500  yr,  90  percent  younger  than  1 , 100 
yr  (fig.  12.13;  table  1 2.2X  This  is  about  ten  times  younger  than  was 
commonly  believed  as  recently  as  a decade  ago.  When  the  mapping 
was  begun,  it  was  thought  that  a large  part  of  Kilaueas  surface  was 
5,000-10,000  yr  old,  largely  because  of  a 2.57  ka  l4C  age  (now 
known  to  be  erroneous)  on  the  Keanakakoi  Ash  Member  of  the 
Puna  Basalt  near  the  rim  of  Kilauea'a  present  caldera  (Rubin  and 


Suess,  1956).  The  caldera  is  older  than  the  ash  because  the  ash  is 
draped  unbroken  across  caldera  faults.  Lava  flows  truncated  by  the 
caldera  are  older  still;  because  vegetation  patterns  reveal  dear  age 
differences  among  these  flows,  many  were  thought  to  be  much  older 
than  2.5  ka.  It  was  therefore  puzzling  when  ,4C  dating  in  the  late 
1970s  found  few  ages  older  than  I ka  (Kelley  and  others,  I979X 
This  dating  suggested  that  Kilaueas  surface  was  younger  than 
expected,  and  when  paleomagnetic  work  was  planned  in  1978  it  was 
thought  that  a majority  of  surface  flows  were  as  young  as  2-4  ka. 
The  paleomagnetic  results  actually  show  that  they  are  even  younger. 

This  youthfulness  is  not  inconsistent  with  other  information 
about  Kilaueas  rate  of  magma  supply.  Assuming  a supply  rate  of 
9 X I06  mVmo  (Swanson,  1972)  and  mean  flow  thickness  of  2 m, 
an  estimate  for  Kilaueas  rale  of  surface  coverage  is  54,000 
Ion2/ 1 ,000  yr,  36  times  the  rale  needed  to  cover  the  volcanos  1 ,450- 
km2  subaerial  surface  during  such  an  interval.  This  coverage  rate  is  a 
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EXPLANATION 
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FIGURE  12.7.  — PxMrrra  of  possible  evolution  of  a lavs  flow.  Summarized  here  are  some  processes  and  environmental  factors  effecting  morphology  of  basaltic  lava  flows.  In 
order  to  infer  eruptive  behavior  it  is  necessary  to  distinguish  between  landforms  resulting  mainly  from  lopograpfuc  influences  and  those  resulting  mainly  from  character  of 
an  eruption.  Not  all  branches  shown  m this  flow  chart  have  been  useful  for  interpreting  eruptive  behavior. 


maximum  value  because  it  is  not  corrected  for  overlapping  of  flows  or,  I 
extension  of  flows  onto  submarine  flanks.  Despite  those  omissions, 
however,  the  supply  rate  seems  adequate  to  explain  the  rate  of  surface 
renewal  graphed  on  figure  12.13. 

STRUCTURAL  SUBDIVISIONS 

Different  parts  of  Kilauea  differ  in  eruptive  behavior,  so  that 
temporal  variations  must  be  extracted  from  an  overprint  of  spatial 
variation.  Magma  rises  into  Kilauea  beneath  its  summit  and  then 
moves  laterally  for  great  distances  along  its  rift  /ones  (Fiske  and 
Jackson,  1972).  Different  behaviors  characterize  different  parts  of 
the  system,  which  is  commonly  divided  into  six  structural  subdivi- 
sions (fig.  12. 14)1  A review  of  these  subdivisions  will  provide  a 
background  for  the  historical  account. 


SUMMIT 

The  summit  is  dominated  by  collapse  features  (fig.  I2.5A)l 
Caldera  faults  form  an  annulus  of  arcuate  blocks  stepped  downward 
toward  an  inner  sink.  All  major  displacements  on  caldera  faults 
occurred  before  eruption  of  most  of  the  Keanakakoi  Ash  Member  in 
1790  (Christiansen,  1979),  Other  collapse  features  include  Kilauea 
Iki,  Keanakakoi,  and  smaller  prehistoric  craters  and  the 
Halcmaumau  pit  formed  in  1924.  Though  most  eruptive  fissures 
trend  east-northeast  across  caldera  structures,  other  trends  occur; 
some  late  prehistoric  lava  erupted  from  fissures  concentric  to  the 
caldera. 

Eruptions  of  all  types  occur  in  the  summit  area,  but  those  of 
long  duration  are  characteristic.  Nearly  continuous  activity  at 
Halemaumau  for  more  than  a century  built  a lava  shield  that  filled 
the  inner  sink  to  overflowing  by  1921.  Similar  eruptions  buried  an 
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earlier  caldera;  still  preserved  are  parts  of  two  lava  shields,  one 
surrounding  a vent  at  the  east  end  of  Kilauea  lb  (the  Ai-laau 
shield  X and  the  other  centered  in  the  northwest  caldera  (the  Observ- 
atory shield).  Tube-fed  flows  from  these  vents  cover  much  of 
Kilauea.  Explosive  eruptions  occur  also  at  long  intervals;  a small  one 
occurred  in  1924,  and  several  much  larger  ones  occurred  earlier 
(Decker  and  Christiansen,  1984) 

EAST  RIFT  ZONE 

The  east  rift  rone  forms  a ridge  extending  more  than  60  km 
beyond  Cape  Kumukahi,  the  easternmost  point  on  the  Island  of 
Hawaii  (fig.  12.15;  Moore,  1971)  Its  subaerial  part  is  4-6  km 
wide  and  is  loosely  divided  into  an  upper  segment  extending  from  the 
caldera  to  Napau  Crater,  a middle  segment  from  Napau  to 
Heiheiahulu  lava  shield,  and  a lower  segment  from  Heiheiahulu  to 
Cape  Kumukahi.  The  upper  segment  is  dominated  by  pit  craters, 
and  the  other  segments  are  marked  by  closely  spaced  fissures,  faults, 
and  grabens  having  net  seaward  subsidence. 

The  rift  rone  is  straighter  and  wider  than  commonly  portrayed. 
Kinks  inferred  in  the  lower  segment  (Skokan,  1974;  Furumoto, 
1976)  are  merely  offsets  in  recent  eruptive  fissures,  not  m the  rift 
zone  as  a whole  (fig.  l2.5C,f/)  Seaward  migration  of  the  middle 
segment  (as  suggested  by  Swanson  and  others,  1976a)  has  not 
occurred  recently;  historical  eruptions  have  followed  its  axis,  18th- 
century  lava  having  obscured  the  structures  of  its  southern  half  (fig. 
12.16)  All  recent  flows  from  the  middle  segment  have  spread 
seaward  because  the  rift  zone  has  subsided  below  its  northern 
margin,  but  some  older  flows  of  the  north  flank  were  erupted  from  it. 
The  upper  segment  was  almost  entirely  buried  by  lava  from  the  Ai- 
laau  vent  about  400  years  ago;  it  is  probably  wider  and  straighter 
than  the  curved  chain  of  young  pit  craters,  which  may  reflect  recent 
localization  to  its  southwest  edge  (fig.  12.5 E\  Magma  intruding 
west  along  Koae  faults  (Unger  and  Koyanagi . 1979)  may  have 
produced  westward  widening  of  the  rift  zone. 

Eruptions  are  briefer  along  the  rift  zone  than  at  the  summit. 
Flows  from  eruptions  of  moderate  duration  are  prominent  along  the 
upper  and  middle  nft  segments,  and  less  so  along  the  lower  segment. 
Bnef  eruptions  are  especially  numerous  along  the  middle  and  lower 
segments,  and  pyroclastic  vents  are  more  common  there. 

SOUTHWEST  RIFT  ZONE 

The  southwest  rift  zone  does  not  form  a distinct  ridge  like  the 
east  rift  zone,  its  seaward  subsidence  is  more  obvious,  and  it  does 
not  extend  far  beyond  the  shoreline  (Moore  and  Fiske,  1969)  It 
parallels  the  Kaoib  fault  system  of  Mauna  Loa;  its  structures  may 
follow  buried  Kaoib  faults.  It  consists  of  an  inactive  zone  inland  and 
an  active  zone  seaward.  The  active  zone  contains  strands  of  closely 
spaced  fractures  separated  by  unbroken  blocks.  The  rift  zone  can  be 
divided  into  segments  where  it  bends  near  Yellow  Cone;  the  upper 
segment  trends  about  S.  50°  W.  and  the  lower  segment  trends  about 
S.  15°  W. 

In  the  lower  segment  a seaward  zone  of  recent  rifting  about  I 
km  wide  is  dominated  by  the  Great  Crack  (fig.  12. 5C)  Other 
strands  in  the  active  zone  extend  through  Puu  Ulaula  and  Puu 


1 Kolekole  (inland)  and  Red  Cones  and  Lava  Plastered  Cones 
(seaward)  Most  faults  are  down  to  the  southeast,  toward  the  sea. 
More  than  20  m of  displacement  has  occurred  on  faults  along  the 
1 northwest  side  of  the  active  zone;  some  landward  blocks  like  F\iu 
' Nahaha  stand  high  enough  to  escape  draping  by  young  flows  from 
the  rift,  though  they  are  draped  by  young  flows  from  the  summit.  A 
seaward  migration  of  eruptions  may  have  occurred;  all  vents  seaward 
of  the  faults  appear  young,  while  all  inland  vents  are  older  than 
1 ,000  years.  But  the  most  recently  active  Great  Crack  is  inland 
from  some  other  vents  of  the  active  zone. 

The  upper  segment  appears  to  be  a broad  graben  or  sag.  It 
has  no  large  pit  craters,  though  a few  small  pits  do  occur.  The 
seaward  zone  of  active  rifting  flares  from  a width  of  I km  in  the 
southwest  to  more  than  3 km  in  the  northeast  (fig.  I2.5B)  It  is 
currently  split  into  three  strands  converging  downrift;  each  strand 
consists  of  closely  spaced  fractures  breaking  the  sheet  of  late 
prehistoric  summit  flows. 

The  middle  strand  extends  from  the  main  center  erf  summit 
tumescence  (south  of  the  caldera)  through  Cone  Crater  and  Puu 
Koae  to  the  lower  segment  of  the  rift  zone.  ElrupUons  from  this 
strand  have  been  vigorous  and  brief,  producing  spatter  cones  and  aa 
flows  but  little  tube-fed  pahoehoe.  The  flows  have  olivine-controlled 
compositions  similar  to  lavas  erupted  at  the  summit  (Wright,  1971) 
This  strand  probably  connects  directly  to  a deeper  magma  reservoir 
I and  taps  magma  that  is  changed  little  by  differentiation  or  loss  of 
volatiles  but  cannot  sustain  eruption  after  the  gas- rich  fraction  has 
1 escaped. 

The  northern  strand  passes  from  Halemaumau  through  Cone 
Peak  and  Mauna  Iki.  Its  fissures  end  5 bn  southwest  of  Mauna  lb 
without  reaching  the  lower  segment.  Its  historical  eruptions  have 
followed  shortly  after  summit  activity  and  have  produced  little 
tephra.  Lava  feeding  the  Mauna  Iki  eruption  (1919-20)  drained 
from  Halemaumau  along  shallow  fissures  (Jaggar,  1947)  This 
strand  probably  is  connected  to  the  deeper  plumbing  by  way  of 
Halemaumau  so  that  its  magma  loses  gas  through  summit  eruptions 
and  fumaroles.  Eruptions  can  be  sustained  for  months  or  years  by 
drainage  of  degassed  lava  when  Halemaumau  acts  as  a shallow 
holding  tank.  (For  supporting  chemical  and  deformation  data,  see 
Duffteld  and  others,  1982.) 

The  southern  strand  passes  from  the  Koae  faults  through 
Kamakaia  and  Yellow  Cone;  it  may  intersect  the  middle  strand 
where  the  latter  bends  into  the  lower  rift  segment.  Its  eruptions  have 
been  brief  to  moderately  long,  but  they  are  unique  on  Kilauea 
because  they  produce  cinder  cones  and  viscous  lava  flows  (fig. 
12.17)  of  (for  Kilauea)  highly  differentiated  compositions  (Wright 
and  Fiske,  1971)  This  strand  may  have  only  a tenuous  connection 
to  the  main  plumbing,  its  magma  residing  at  shallow  depths  for  long 
intervals  after  baebng  up  along  Koae  structures. 


KOAE  FAULT  SYSTEM 

The  Koae  fault  system  attends  east  northeastward  between  the 
rift  zones  (fig.  12.54,0)  Its  faults  have  their  downthrown  side 
mainly  toward  the  caldera  and  have  had  recurrent  movement 
(Dufficld,  1975)  Some  scarps  were  largq  enough  by  the  18th 
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Figure  12.8.  — Kdtuct  bva  ftow*  classified  by  local  wo  and  by  type  of  eruption.  A.  Flow*  claisifird  by  location  of  eruption.  Lava  Bow  from  lumrml  cover  large  areas  of 
north  flank  and  southwest  nft  zone  as  wrfl  as  flank  south  of  summit  B.  Flows  classified  by  eruption  type.  Eruptions  lend  to  be  briefer  at  greater  distances  from  summit 
Because  it  is  difficult  to  group  older  flows  into  eruption  assemblages,  some  older  aa  flows  alone  are  inferred  to  represent  brief  eruptions  and  older  tube-fed  flaws  alone  are 
inferred  to  represent  sustained  eruptions;  these  inferences  may  not  always  be  correct. 


century  to  deflect  lava  flows  from  Cone  Crater  and  Puu  Koae.  Most 
present  scarps  postdate  the  Kaiue  flows  thought  to  be  500-750 
years  old.  but  some  scarps  arc  older.  A segment  of  Katanaokuaiki 
Pah  attending  2 km  east  of  the  Hilina  Pali  Road  crossing  is  nmmed 
by  Kipuka  Nene  flows  thought  to  be  about  1,100  years  old  (fig. 
12. 18);  the  younger  Kaiue  flows  failed  to  overtop  the  scarp,  and 
lava  tongues  oozed  down  into  the  open  fracture  at  its  base.  The 
southernmost  Koae  fault  attending  eastward  from  Kipuka  Nene 
campground  is  overlapped  by  Kaiue  flows  and  has  had  little 
displacement  during  the  subsequent  500  years. 

Few  eruptions  are  known  from  the  Koae  fault  system,  and  most 
of  them  have  been  from  near  its  intersection  with  the  southwest  rift 


zone.  Some  lava  was  erupted  from  eastern  Koae  structures  in  1973 
(Tilling  and  others,  chapter  16}  Spatter  found  beneath  Kokoolau 
lava  along  Katanaokuaiki  Pali  may  be  clots  ejected  by  heated  air  or 
steam  after  surface  flows  invaded  the  fracture.  It  remains  possible 
that  true  eruptions  from  the  central  Koae  system  have  occurred  and 
then  been  obscured  by  the  younger  flows  from  the  summit. 

The  Koae  fault  system  may  be  an  ancient  feature  of  Kilauea,  or 
it  may  have  been  produced  recendy  by  contraction  or  migration  of 
the  rift  zones  and  caldera.  An  anomalous  area  of  caldera-concentric 
structures  along  the  central  Koae  (Duffield,  1975)  may  reflect  the 
buried  rim  of  an  earlier  caldera,  and  the  fault  segments  attending  to 
the  east  and  west  may  follow  former  eruptive-nft  structures  radial  to 
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EXPLANATION 
TYPE  OF  ERUPTION 
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| Brief 

Sustained,  unstable 
Sustained,  stable 
□ Mauna  Loa  eruption 


20  KILOMETERS 

B 


FlCURE  12.8.  — Continued. 


that  caldera.  If  so,  the  bend  in  the  east  nft  zone  could  have  arum 
from  northward  migration  of  summit  collapse  instead  of  southward 
migration  of  the  rift  zone. 

SOUTH  FLANK 

The  south  flank  is  the  area  seaward  of  the  rift  zones  and  the 
Koae  fault  system.  Faults  of  the  south  flank  (Hilina  fault  system) 
mainly  show  displacement  down  to  the  south  (hg.  12.5 C-/7)  The 
most  prominent  faults,  such  as  those  of  Hilina.  Poliokeawe,  and 
Holei  Palis  and  of  Puu  Kapukapu,  occur  in  the  seaward  part  of  the 
south  flank;  this  has  led  to  a distinction  between  faulted  and 
unfauhed  parts  of  the  flank  (Swanson  and  others.  1976a)  Buried 
Hilina  faults,  however,  inferred  from  steepened  slopes,  occur  inland 
close  to  the  Koae  system  and  probably  attend  into  each  of  the  nft 
zones  (Holcomb,  1980b)  The  Hilina  fault  system  probably  is  not 


isolated  from  other  Kilauea  structures  but  grades  into  them;  its 
apparent  isolation  arises  from  the  restricted  extent  of  its  recent 
displacements. 

The  age  of  the  Hilina  system  is  not  known.  Steams  and  Clark 
(1930)  considered  the  faults  to  postdate  the  base  of  the  FWiala  Ash, 
about  23  ka  (Easton.  1978)  because  the  ash  caps  some  blocks  (Rju 
Kapukapu  and  Ptiu  Kaone)  truncated  by  the  faults.  Puu  Kapukapu 
is  about  300  m high.  If  the  block  seaward  of  Puu  Kapukapu 
subsided  to  sea  level  in  3-m  increments  similar  to  the  displacement  of 
November  29,  1975  (Tilling  and  others,  1976)  it  would  have 
required  1 00  such  episodes  recurring  at  intervals  of  about  230  years. 
The  highest  part  of  Hilina  Pali  undraped  by  younger  lava  also  is 
about  300  m high,  and  the  youngest  Pahala  Ash  truncated  by  this 
fault  could  be  as  young  as  about  It  ka  (Easton.  1978)  That 
displacement  could  have  been  accomplished  by  3-m  subsidence 
episodes  repeated  every  1 10  years.  These  frequencies  are  reason- 
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OTHER  FEATURES 


Widespread  ash  units  from  which 
many  ,4C  ages  have  been  obtained 


Shown  on  Kilauea 
and  Mauna  Loa  only 


Kilauea 


20  KILOMETERS 


Fkt.uhf,  12.9. — PaleomagnetK  sampling  location*  on  live  volcano?*  that  make  up  Hawaii.  Map  modified  from  Stearns  and  Macdonald  (1946). 


able,  and  the  interpretation  by  Steams  and  Clark  may  be  correct. 
However,  (be  faults  could  be  younger  and  could  Have  had  large, 
catastrophic  displacements  earlier  in  their  development,  or  they 
could  be  older  and  draped  by  Pahaia  Ash  that  is  now  buried  or 
subsided  beneath  the  sea.  The  Hilina  fault  system  could  be  older 
than  Kilauea  and  could  have  developed  from  seaward  migration  of 
the  Kaoiki  fault  system  as  older  inland  faults  were  stabilized  by  the 
growing  edifice. 

No  eruptions  are  known  from  the  south  flank;  sparse  dikes 
along  Hilina  Pali  were  fed  by  lava  flows  spreading  down  into  open 
fissures  (Walker,  1967;  Easton  and  Lockwood,  1983)  Nonethe- 
less, episodes  of  Hilina  displacement  may  affect  Kilauea  s eruptive 
behavior  by  dilating  the  rift  zones  and  disrupting  the  magma 
plumbing  system. 


NORTH  FLANK 


The  north  flank  does  not  show  surficial  structures,  though 
inactive  structures  may  be  buried.  Only  one  possible  buried  fault  is 
inferred,  with  great  uncertainty,  subparallel  to  the  coast  at  an 
elevation  of  about  60  m,  5 km  inland  from  Kaloli  Point  (figs.  12.5/, 
12.19).  Several  kipukas  (inkers)  in  the  youngest  flows  are  truncated 
along  this  line,  and  no  kipukas  of  older  Mauna  Loa  lava  occur 
seaward  of  it.  The  surface  slope  decreases  across  it  from  1 .6°  inland 
to  1.0*  seaward,  and  the  seaward  lava  has  assumed  a thickened 
elephant-hide  appearance  (Steams  and  Macdonald,  1946)  below 
the  break  in  slope.  The  discontinuity  may  be  a normal  fault,  its 
downdropped  eastern  block  buned  by  younger  lava,  or  it  may 
parallel  a buried  seacliff  several  dekameters  high.  Alternatively,  it 
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DECLINATION.  IN  DEGREES 


FlcUrtt  12.10. — Generalized  history  of  Hawaiian  geomagnetic  secular  variation 
dxinng  the  last  3,000  yean.  Track  dashed  where  confidence  a lew  Ticki  are 
shown  at  approximate  100-yr  intervals,  and  numbers  indicate  thousands  of  yean 
before  present.  Unpublished  data  have  been  used  to  modify  earlier  version  by 
Holcomb  and  others  (1986) 


could  be  the  edge  of  a very  broad , flat  cone  of  lava  banked  against 
an  older,  steeper  slope.  Such  a cone  could  develop  from  several 
causes;  for  example,  a rise  in  relative  sea  level  could  have  raised  the 
base  level  to  which  the  slope  was  formerly  adjusted. 

No  eruptions  are  known  from  this  flank;  for  at  least  the  Last  few 
millema  it  has  passively  accumulated  lava,  mostly  as  tube- fed  flows 
from  the  summit. 

EARLIER  PREHISTORIC  ACTIVITY 

Because  of  incomplete  exposures  and  dating  uncertainties,  a 
full  eruption  history  of  Kilauea  is  not  yet  possible,  even  for  the  last 
few  thousand  years.  Available  information  docs,  however,  permit  a 
general  history,  having  increased  detail  with  younger  age.  The 
history  is  reviewed  in  the  following  sections,  in  which  many  dating 
uncertainties  are  discussed.  Readers  not  interested  in  these  details 
may  want  to  skip  ahead  to  the  section  entitled  “Summary  of 
Eruptive  History." 

PLEISTOCENE  SHIELD  GROWTH 

Kilauea  s early  history  was  studied  by  Easton  (chapter  1 1 , 
1978),  who  estimated  that  the  volcano  began  to  grow  around 
200—300  ka.  Only  the  later  subacnal  part  of  shield  growth  has 
been  available  for  study;  il  is  recorded  by  the  Hilina  Basalt,  Pahala 
Ash.  and  lower  part  of  the  Puna  Basalt  exposed  in  the  Hilina  fault 
scarps  of  the  central  south  flank  (fig.  12.20)  The  lowermost  Hilina 
flows  now  exposed  are  estimated  to  have  ages  of  100  ka,  and  the 
Pahala  Ash  was  deposited  between  25  ka  and  10  ka  (Easton, 


chapter  1 1 X Rocks  below  the  Pahala  Ash  are  mostly  tube-fed 
pahoehoe  flows,  probably  from  sustained  summit  eruptions.  Inter- 
spersed among  the  flows  are  ash  layers,  probably  erupted  at  the 
summit  in  large  explosions  associated  with  successive  caldera  col- 
lapses. Little  is  known  about  rift-zone  activity  during  this  interval. 

OLDER  HOLOCENE  FLOWS 

About  10  percent  of  Kilauea  s surface  consists  of  rock  older 
than  about  1,100  years.  Some  of  the  older  lava  flows  are  veneered 
by  ash  deposits.  Among  these  are  kipukas  of  picritic  aa  of  about  5.2 
ka  (W-4536)  on  the  north  flank  southeast  of  Keaau  (fig.  12.21  X 
probably  erupted  from  the  northeast  rift  zone  of  Mauna  Loa 
(Lockwood  and  Liprnan,  chapter  18)  Pahoehoe  above  ash  in  one 
kipuka  has  been  dated  at  about  3.7  ka  (W-4177,  fig.  12.5/).  The 
source  of  this  lava  is  unknown;  it  could  have  come  from  the  summit  of 
Kilauea  or  from  the  northeast  rift  zone  of  Mauna  Loa.  As  discussed 
later,  it  may  be  coeval  with  flows  previously  thought  to  have  been 
erupted  750- 1 ,000  years  ago.  Buried  flows  resting  on  Pahala  Ash 
below  the  rim  of  Hilina  Pali  have  been  dated  at  about  6.6  ka  and 
4.8  ka  (W-3873  and  W-3798,  fig.  I2.5DX  Younger  flows, 
separated  from  the  older  ones  by  thin  ash  and  forming  much  of  the 
surface  in  Kipuka  Ahiu  and  Kipuka  Keana  Bihopa  (fig.  I2.22X 
have  been  dated  at  about  3.5  ka  (W-3831,  fig  I2.5DX  These 
flows  are  veneered  by  ash  and  colian  sand  thick  enough  to  support  a 
carpet  of  high  range  grass  and  scattered  ohia  trees  ( Metrosidems 
polymorphaX  The  ash  on  and  between  these  older  Puna  flows 
suggests  that  Gtplosive  eruptions  occurred  more  than  ooce  between 
6.6  and  1 .5  ka,  but  the  number  of  eruptions  is  not  known.  The  flows 
have  various  directions  of  magnetization,  but  not  enough  l4C  ages 
are  available  to  derive  a continuous  magnetic  history. 

Several  vents  still  exposed  in  kipukas  along  the  east  rift  zone 
may  be  older  than  2,000  years;  among  them  are  Kapoho  Crater, 
Kiapu,  lilewa,  and  Kalahia  (fig.  12.5 F-H\  Some  vents  along  the 
lower  southwest  rift  zone  may  also  be  older.  The  Cinder  Hills  2 bn 
southeast  of  Pahala  are  overlapped  by  a lava  flow  dated  by  ,4C  at 
about  3.5  ka  (W -5324,  fig.  12.50  A thin  lava  flow  issuing  from 
a prominent  fissure  along  the  Kilauea-Mauna  Loa  boundary  I km 
southeast  of  Pahala  has  been  dated  at  about  3.6  ka  (W-3884,  fig. 
I2.5Q;  though  Liprnan  and  Swenson  ( 1 984)  mapped  this  fissure  as 
an  eruptive  vent,  a lava  flow  erupted  elsewhere  could  have  flowed 
into  it  farther  upslope  and  then  overflowed  its  rim. 

FLOWS  BENEATH  UWEKAHUNA  ASH  MEMBER 
OF  PUNA  BASALT 

Much  of  Kilauea  may  have  been  covered  by  lava  in  a short 
interval  preceding  deposition  of  the  Uwekahuna  Ash  Member.  In 
stratigraphic  sections  of  the  summit  and  upper  east  rift  zone,  flows 
below  the  Uwekahuna  Ash  Member  have  remanent  magnetizations 
(crosses,  fig.  12. 1 1C)  distinct  from  those  of  flows  of  the  last 
millenium.  Examples  occur  in  Uwekahuna  Bluff  (9B229A;  sites 
133  of  Doell  and  Cox,  1965;  !37D,Eof  Doell,  unpublished  workX 
Tree  Molds  (IBI2IX  Kilauea  Iki  (8BI45X  and  Piuiahj  (9B385X 
Surficial  flows  inland  from  Papalehau  Point  (3R457,  fig.  12.50 

may  have  been  erupted  at  the  summit  also. 
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FIGURE  12. 1 1 ■ — ScwnguantoUtovv  method  used  lo  infer  of  lava  flow*.  Unpublnhcd  data  have  bras  uted  lo  modify  veruot)  by  Holcomb  and  other*  ( I986X  Large  ellipse 
divided  mto  field*  containing  sites  at  sanilar  age;  smaller  ellipse  is  area  of  confusion  having  diverse  ages  clustered  together.  A,  Age  classification  from  dated  Sows;  symbols 
represent  different  ages:  dots,  younger  than  250  years  B.P.;  triangles,  250-500  years  B.P.;  squares.  500-1.000  years  B.P.;  hexagons,  1.000-1.500  years  B.P; 
crosses,  1.500-2,000  yean  B.P.  Open  symbols  are  doubted  results.  Arrows  approximate  secular  variation.  B.  Site  mean  directions  for  undated  surface  flows  at 
Kilaura.  Dots,  pahoehoe;  triangles,  aa.  Open  symbols  indicate  doubted  results.  C,  Stratigraphic  section  in  L'wekahuna  Bluff  (Doefl  and  Cox.  I%5;  R.R.  Dorfl. 
unpublished  wor It).  Symbols  denote  ddferenl  parts  at  section:  crosses,  below  Uwekahuna  Ash  of  Puna  Basalt  (nos.  131-133,  I37C-I37E);  squares,  lower  section 
above  Uwekahuru  Ash  Member  (no*.  I34-137B.  137F-I37H);  triangles,  middle  part  of  section;  dots,  upper  part  of  section.  D,  Stratigraphic  section  in  west  wall  of 
Mokuawcoweo  caldera.  Mauna  Loa  Volcano  (Doefl.  I%9X  £.  Bursed  flaws  at  Kdauea.  exposed  m walls  at  caldera  and  pit  craters.  Symbols  indicate  stratigraphic 
position  dots,  below  hiatus,  triangle*,  above  hiatus.  Circle  indicates  anomalous  magnetization  below  hiatus  m Makaopuha  Crater.  F.  Groups  of  surface  Bows  thought  from 
independent  evidence  to  be  closely  samlar  in  age:  dots.  Observatory;  triangles,  Ai-laau;  squares,  Kahie;  crosses.  Volcano;  stars.  Krpuka  Nene;  hexagons.  Kukuau 
(Mauna  Loa);  ellipses,  older  (lows  of  Ka  lap  ana. 


Flows  with  similar  magnetization  crop  out  along  both  rift 
zones.  Among  them  are  a red  tephra  cone  and  lava  flows  (pa- 
leomagnetic  site  9B345)  exposed  beneath  a yellow  tephra  layer  in 
the  west  wall  of  Pauahi  Crater  (fig.  12.23)  Mixed  flow  assemblages 
(8B253,  8B349,  8B3I3.  8B289,  8B277)  between  Ka.mu  and 
Kupapau  (fig.  I2.5F.G;  older  Kalapana  flows  of  fig.  12.11) 
indicate  sustained  eruption  from  the  middle  east  rift  zone  near 
Kalahia,  and  other  mixed  flows  around  Kapoho  (9BI81 . 8B973, 
8B8I7)  may  represent  sustained  eruption  from  the  lower  east  rift 
zone  near  Pliu  Honuaula  (fig.  12.5//)  Tube-fed  flows  with  similar 
magnetization  on  the  north  flank  in  Hawaiian  Beaches  (9B853)  and 
Ainaloa  (8B805)  subdivisions  (fig.  12.5//)  may  have  been  erupted 


from  the  summit  or  from  the  middle  east  rift  zone.  This  old  north- 
flank  lava  supports  a monotonous  forest  in  which  separate  flows 
cannot  be  distinguished  (figs.  12.24,  12.25);  forest  patchiness 
probably  is  caused  by  ohia  dieback  (Jacobi,  1983)  rather  than  flow 
boundaries. 

Their  similar  magnetizations  suggest  that  these  flows  were 
erupted  within  a few  centuries  preceding  the  Uwekahuna  Ash 
Member,  but  ages  are  not  yet  well  constrained.  Because  a Mauna 
Loa  flow  (8B697)  dated  by  at  about  1.8  ka  (W-3850)  is 
magnetically  similar,  these  Kilaura  flows  were  assigned  ages  of 
2. 0-1. 5 ka  by  Holcomb  and  others  (1986)  But  Lockwood  and 
Rubin  (1986)  now  judge  the  Uwekahuna  Ash  Member  above  them 
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FlCURE  12.12. — Stratigraphic  nup  of  KJaoca.  showing  approximate  ag«  cf  vurhoaJ  Lava  Hows.  Modified  front  Holcomb  (|90ObL 
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FIGURE  12. 13.  — Agf  of  Kilauea*  surface,  a graphical  presentation  of  data  in  table 
12.2.  Large  variation  is  shown  at  rate  of  flooding,  intervals  0-100  and  400-600 
yr  B P having  high  rates  and  intervals  100-200  and  1,000-1,500  yr  B P. 
having  low  rales  Lower  apparent  rales  of  earlier  intervals  arise  partly  from  later 
coverage  of  older  flow*  by  younger  lava. 


Uwekahuna  Bluff;  a shallow  subsided  annulus  at  least  I km  wide, 
similar  to  the  present  one,  must  have  existed.  Faulting  within  that 
annulus  is  suggested  by  draping  of  the  Uwekahuna  Ash  Member 
over  a step  30  m high  formerly  exposed  in  the  face  of  Uwekahuna 
Bluff  (Powers,  I948> 

The  age  of  the  Powers  caldera  also  is  not  yet  well  constrained. 
It  is  probably  older  than  1,300  years  because  its  oldest  overflows  are 
thought  to  be  about  1,100  years  old,  and  at  least  a few  hundred 
years  of  Ailing  should  have  preceded  overflow.  The  caldera  and 
Uwekahuna  Ash  Member  should  be  close  in  age  if  caldera  collapse 
caused  the  explosive  eruption.  Holcomb  and  others  (1986)  inferred 
an  age  of  about  1 . 5 ka  for  both  caldera  and  ash,  but  they  may  be 
older.  Eight  ,4C  ages  currendy  available  for  the  Uwekahuna  Ash 
Member  range  from  about  1 .0  ka  to  about  2.2  ka.  Lockwood  and 
Rubin  (1986)  now  believe  that  the  younger  ages  reflect  sample 
contamination  and  judge  the  age  of  the  ash  to  be  about  2. 1 ka.  An 
age  of  1 . 5 ka  is  retained  in  this  report;  several  generalizations  herein 
may  need  revision  if  further  work  confirms  the  older  age.  Casadevall 
and  Dzunsin  (chapter  13)  adopt  the  older  age  and  discuss  some  of 
its  possible  consequences. 


to  have  an  age  of  2. 1 ka,  and  stratigraphic  relations  permit  most  of 
the  flows  to  be  older.  Lava  cast  of  Kaimu,  possibly  correlative  with 
8B313.  has  been  dated  at  about  2.4  ka  by  ,4C  (W-5052,  fig. 
I2.5CX  Ages  of  about  2. 1 ka  and  2.2  ka  have  been  obtained  for 
paboehoe  in  a quarry  at  786-m  elevation  along  the  northeast  margin 
of  Kilauea  (W-4369  and  W-3885X  Ash-veneered  aa  on  the  rim 
of  Kukalauula  Pkli  is  dated  at  about  1 .8  ka  (W-41 19,  fig.  12.50, 
but  its  magnetization  is  not  known.  Though  their  ages  remain 
uncertain,  lava  flows  from  the  summit  and  east  rift  zone  probably 
covered  much  of  Kilauea  within  the  few  hundred  years  before  the 
development  of  the  Powers  caldera. 

POWERS  CALDERA 

That  an  ancient  caldera  was  buried  before  the  present  one 
developed  was  inferred  by  Powers  (1948)  because  the  Uwekahuna 
Ash  Member  occurs  in  the  base  of  Uwekahuna  Bluff  at  an  elevation 
of  about  1 , 100  m,  while  at  Tree  Molds  it  occurs  at  about  1 ,220  m 
(Doerr.  1933).  The  exposure  in  Uwekahuna  Bluff  must  cap  an  old 
caldera  block  that  subsided  about  120  m.  I his  inference  is  con- 
firmed by  paleo  magnetic  data;  flows  above  the  Uwekahuna  Ash 
Member  are  magnetically  similar  to  Kilauea's  surface  flows  (fig. 
12. 1 1C)  and  indicate  rapid  accumulation  in  the  last  mtllcmum.  If  this 
thick  section  is  coeval  with  the  thin  carapace  elsewhere  but  is 
younger  than  higher  flows  beneath  the  Uwekahuna  Ash  Member  at 
Tree  Molds,  it  must  fill  a caldera. 

llie  configuration  of  the  Powers  caldera  is  poorly  known.  A 
buried  outer  rim  is  inferred  to  coincide  with  the  outermost  structures 
of  the  modem  caldera  because  the  outer  fault  west  of  Uwekahuna 
predates  the  most  recent  collapse  (fig.  12.5 A).  This  outer  run  did 
not  bound  a deep  sink  because  it  is  little  more  than  100  m higher 
than  older  rock  otposed  beneath  the  Uwekahuna  Ash  Member  in 


SUMMIT  HIATUS 

Collapse  of  the  Powers  caldera  was  followed  by  a caldera- 
filling interval  in  which  no  lava  spread  from  the  summit  onto  the 
flank.  Dzunsin  and  Casadevall  (1986)  believe  that  this  interval  was 
very  short  (only  a few  years)  because  the  uppermost  pumice  of  the 
Uwekahuna  Ash  Member  in  Uwekahuna  Bluff  was  not  eroded 
before  it  was  covered  by  lava.  But  the  uneroded  pumice  could  be 
much  younger  than  the  rest  of  the  ash,  and  paleomagneUc  data 
suggest  a long  interval  between  flows  below  and  above  the  ash.  Lava 
beneath  the  ash  has  magnetization  consistent  with  an  age  greater  than 
1.5  ka  (9B229A;  sites  1 33,  of  Doell  and  Cox,  1965.  and  I37D.E 
of  R.R.  Doell,  unpublished  workX  while  lava  above  the  ash  has 
magnetization  consistent  with  an  age  of  about  0.75  ka  ( I B618;  sites 
137F,G,H  of  R.R.  Doell.  unpublished  workX 

A surface  marking  a hiatus  is  exposed  also  in  three  pit  craters. 
In  Kilauea  Iki  Crater  (fig.  12.26)  it  lies  between  flows  separated  by 
a red  cinder  layer.  In  Piuahi  Crater  (fig.  12.27)  and  Makaopuhi 
Crater  (fig.  12.28)  it  lies  above  weathered  ash  and  debris  on  which  a 
forest  grew,  so  that  tree  molds  were  produced  when  the  area  was 
flooded  by  lava.  Paleomagnetic  samples  have  been  collected  from 
lava  flows  just  above  and  just  below  the  hiatus  tn  each  crater 
(Kilauea  Iki,  8BI45  below,  8BI57  above;  Pauahi,  9B385  below, 
9B2I7  above;  Makaopuhi,  9BI57  below,  9B24I  above  X The 
Hows  above  are  all  younger  than  1 .0  ka  (fig.  12. 1 1 EX  Flows  below 
have  directions  indicating  pre- Powers  caldera  ages  older  than  1.5 
ka.  except  for  one.  The  lower  flow  in  Makaopuhi  has  a direction 
corresponding  to  less  than  1.0  ka;  if  the  direction  is  correct,  it 
suggests  only  a brief  hiatus  and  rapid  forest  growth  there.  But 
because  no  stratigraphic  evidence  bounds  its  age.  the  flow  could  be 
much  older;  alternatively,  it  may  have  been  remagnetized  during 
rapid  accumulation  and  slow  cooling  of  the  Kane  Nui  o Hamo  lava 
shield  above  it.  \Xith  this  possible  exception,  the  hiatus  is  correlative 
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pKilrKE  12.14. — Structure  of  Kitauea.  A,  Mapped  Uructurri,  umptihoi  from  Holcomb  (1900b).  B Structural  uibdrvHiom,  tnodihed  from  Swamoo  and  other* 

(1976a) 
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Ficuke  12.15.  — BrfhymeUy  «round  tMlrra  pari  of  Hawaii,  showing  F^una  Rxigr  From  Wilde  and  others  (1900);  depths  in  meters;  contour  interval 

100  m.  Hachure*  indicate  area  of  closed  low  depression. 


at  ail  sites  and  spans  more  than  500  years  from  more  than  1 . 5 ka  to 
less  than  1.0  ka. 

Coincident  with  this  hiatus  is  a paucity  of  eruptions  along 
subaerial  parts  of  the  rift  zones.  A small  pyroclastic  cone  of  the 
lower  east  rift  zone  east  of  Kiapu  has  been  dated  at  about  1 . 3 ka  by 
,4C  (W-4674,  hg.  12.5//),  and  paleomagnetic  data  have  sug- 
gested one  group  of  flows  (9B829,  fig.  12.5/3;  3R409,  fig.  I2.5C) 
in  this  interval  along  the  southwest  rift  zone.  No  others  are  known, 
however;  most  eruptions  in  this  interval  were  probably  confined  to  a 
deep  inner  sink  or  submarine  segments  of  the  rift  zones. 

KIPUKA  NENE  FLOWS 

The  earliest  overflows  from  the  Powers  caldera  may  be  the 
tube-fed  flows  of  Kipuka  Nene  and  Kipuka  Papalinamoku,  which 
form  much  of  the  coast  between  Keauhou  and  Kaaha  (fig.  I2.5D)l 
The  flows  have  a distinctive  magnetization  (IB224,  IB456, 
3ROI3;  table  12.5)  similar  to  Mauna  Loa  flows  (4A276)  dated  at 
about  1.1  ka  by  l4C  (W-3910.  1.270  years  B.P.;  W-5083. 
1,030  years  B.PX  If  the  Kipuka  Nene  flows  do  postdate  the 


Powers  caldera,  they  are  probably  about  I . I ka.  Available  strat- 
igraphic evidence,  however,  does  not  require  them  to  postdate  the 
caldera.  Additional  uncertainty  is  caused  by  other  nearby  flows 
having  different  magnetizations  but  l4C  ages  also  of  about  I . I ka,  as 
noted  later  in  discussion  of  the  Kalue  flows. 

Initial  errors  in  dating  the  Kipuka  Nene  flows  illustrate  well  the 
difficulties  encountered  in  work  of  this  kind.  Though  the  Kipuka 
Nene  flows  are  clearly  veneered  by  surficial  deposits  and  vegetation 
that  are  absent  on  overlying  Kalue  flows  (fig.  I2.29X  it  was  difficult 
to  find  the  «act  boundary  between  them.  Initially  inferring  the 
boundary  to  parallel  the  west  side  of  a prominent  band  of  trees,  I 
collected  paleomagnetic  samples  in  1976  from  sites  8BI2I  and 
8BI33  on  each  side  of  this  boundary  (fig.  I2.30A).  The  results 
revealed  the  same  magnetization  at  both  sites  (table  12.5;  fig. 
12.30 B\  Wanting  to  make  sure  that  I had  really  sampled  the  older 
flows,  in  1979  I collected  from  site  9BI69  south  of  a fault  that 
extended  through  Kipuka  Nene.  This  fault  seemed  to  be  overlapped 
to  the  west  by  the  younger  Kalue  flows,  and  I reasoned  that  lava  on 
the  southern  run  of  the  fault  Karp  must  belong  to  the  older  flows. 
The  results  again  gave  virtually  the  identical  magnetization,  so  I 
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EXPLANATION 
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Figure  12.16. — Eastern  part  of  middle  east  nft  zooe.  with  contrasting  turhcial 
structure  north  and  south  of  active  zone  A-A' . North  edge  of  nft  zooe  is  along 
fi-B'i  south  edge  along  C— C\  Lava  Hows  350-  500  years  old  north  of  A-A' 
broken  by  many  Assures  but  no  eruptive  vents:  flows  ISO— 250  years  old  south  of 
A-A'  have  many  vents  but  few  younger  Assures.  Flooding  south  of  A-A' 
probably  followed  large  chlaboe  of  nft  zone  a few  hundred  years  ago. 


assigned  the  Kipuka  Nene  flows  a young  age  similar  to  that  of  the 
KaJue  flows  and  tried  to  explain  the  difference  in  surfkial  cover  by 
inferring  that  a tephra- producing  eruption  at  Kane  Nui  o Hamo 
(which  shares  the  same  magnetization)  had  occurred  during  a short 
interval  between  the  two  sets  of  lava  flows.  However,  still  not  being 
satisfied,  in  1981  I collected  from  two  more  sites.  I B236  on  the  rim 
of  Kalanaokuaiki  Mi  and  I B456  deep  within  Kipuka  Nene.  This 
time  I found  a distinctly  different  magnetization  (fig.  I2.30BX  Then 
N.G.  Banks  found  beside  the  Kipuka  Nene  picnic  shelter  a contact 
between  two  lava  flows,  with  a thin  deposit  of  ash  between  them.  In 
1983  I collected  3R001  and  3R01 3 on  each  side  of  this  contact  and 
found  two  different  magnetizations  corresponding  to  the  two  meas- 
ured previously:  the  boundary  had  finally  been  discovered.  Though  I 
have  not  traced  it  away  from  the  picnic  shelter,  it  must  attend  roughly 


Figure  12.17.  — Unusual  eruption  products  of  Kamakaia  Hills.  Photographs  by 
R.T.  Holcomb,  1977.  A.  Kamakaiwama,  one  of  several  cinder  cones  found  ocJy 
m this  area  of  Kilauea,  and  pecuhar  near-vent  lava  flow  in  foreground.  View 
northeast  (see  hgurr  12  46  for  location}  B.  Closer  view,  looking  west,  of  same 
flow,  which  consists  of  thick,  cylindrical,  loothpastelike  extrusions  that  twisted  back 
on  themselves  and  then  broke  as  they  cooled.  These  protrusions  are  mar 
phologically  distinct  from  all  other  flow  forma  seen  on  Kilauea  and  resemble  some 
elongate  pillows  of  submarine  lava  flows.  Scale  mdscatrd  by  aenal  photograph  case 
(about  25  cm  wide)  perched  on  day  pack. 


as  shown  in  fig.  I2.30A,  about  100  m east  of  the  contact  inferred 
initially. 

The  distinctive  Kipuka  Nene  magnetization  is  also  shared  by 
the  flows  of  Opihikao  (8B0I3;  fig.  12.5 H);  they  may  have  been 
erupted  from  Milena  or  Kahuwai,  which  are  notable  for  their 
phreatomagmatK  ash  blanket  (Moore,  1983).  Other  eruptions  of 
this  age  are  not  yet  known  from  elsewhere  along  the  rift  zones. 

VOLCANO  FLOWS 

Volcano  village  is  buih  on  flows  forested  differently  from 
younger  Ai-laau  flows  (fig.  12.31  X One  of  these  older  flows  is  dated 
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Fka.MI  12  18  — Contrasting  vegetation  pattern*  ilong  Kalanaokuaiki  P»li  Btfft*  Kalue  and  Kokoolau  lowi  mtrrprrled  io  post  dale  much  <d  fault  displacement.  while  tree-covered  kipuka  Nene  flon  arc  thought  to  predate 
it  1‘aMern  id  polygonal  plam  < arrow)  at  base  cl  cliff  i*  characteristic  of  ponded  lava  Dufheld  ( 1975,  p.  10)  argued  againit  ponding  became  similar  smooth  surface  it  found  on  south  nde  of  fault,  but  smooth  turf  ate  n not 
Attentive  there,  larks  polygonal  patient,  and  rould  have  formed  from  spreading  of  pond  as  it  rose  above  scarp  that  initially  held  it  bark  Pairs  of  small  red  dots,  paleomagnetK  sample  sales  Stereo  pair  prepared  from 
frames  74.  75  of  roll  MCC.  USOA  senes  KKL.  I%5 
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Fka  HI  12  19  - topograph*  and  geologic  daconlnuily  southeast  of  Kraasi  (see  hi  12  Jl  Slurp  *ege‘**»«»  cb*n«e  aHernling  northsooth  corresponds  to  lew.  boamdary.  yotmg  At  laaai  I«.f  to  rati  art  highly  adlaled  on  a 
wtdr  coastal  plain.  «hilr  older  Ao»s  to  wnl  farm  kgsukas  elongate  northeast  southwest  between  less  inflated  lo bn  of  young  Lava  extending  down  steeper  slope  to  coastal  plain  P»*r»  d small  red  dots.  palrutnagnr'K  sample 
sates.  Larger  red  dots,  ,4C  unplr  u*n  Stereo  liplrt  prepared  Irons  frames  64-66.  roll  I2CC.  USDA  senes  EKL,  l%5 
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Figure  12.20.  — Oldest  rock*  oipoard  oo  Kilauea.  A,  Plru  Kapukapu,  viewed  from  Krauhnu  landing  Most  of  visible  stratigraphic  ire  two.  about  300  m thick,  n me  hided 
in  Hihna  Basalt,  with  rap  of  Pkhaia  Ash  10-20  m tluck.  lomw  fault  scarp  m front  of  Puu  Kapukapu  displaces  lava  flows  of  Kipuka  Papalinamoku  thought  to  be  about 
1,100  yr  old.  Foreground,  composed  of  lava  350- 500  vr  old,  subsided  beneath  sea  level  during  earthquake  of  November  29,  1975.  Profile  of  Mauna  Loa  visible 
beyond  Plsu  Kapukapu,  to  left.  Photograph  by  K.l  Holcomb,  Apnl  1974  B.  Closer  aerial  vsew  of  Puu  Kapukapu.  showing  lava  Bows  and  pranunenl  ash  layers  n 
Hihna  Basalt  Kim  of  Hihna  Pah  visible  beyond  Puu  Kapukapu,  to  left.  Photograph  by  D.A.  Swanson.  June  1971. 
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at  730  ±80  years  B.P.  by  ,4C  (W-3999X  and  its  magnetization 
(8B685)  is  consistent  with  age  of  730-1,000  years  B.P.  A flow 
resting  above  the  Uwekahuna  Ash  Member  in  the  Volcano  rubbish 
dump  has  been  dated  at  about  1,000  years  B.P.  by  l4C 
(W-53I9X  A source  has  not  been  established  for  these  flows; 
Holcocnb  (1980a,  b)  interpreted  them  as  caldera  overflows,  and  this 
is  consistent  with  their  magnetic  similarity  to  flows  in  the  eastern 
caldera  wall  below  Waldron  Ledge  (IB776,  IB788)  and  to  the 
flow  above  the  hiatus  in  Kilauea  Iki  (8B 1 57  X They  could  have  come 
from  the  northeast  rift  zone  of  Mauna  Loa,  however;  nearby  Mauna 
Loa  flows  draped  over  a Kaoiki  fault  scarp  2 km  north  of  Free 


Molds  (fig.  12.5 A)  have  similar  magnetization  (8B84I)  and  l4C 
age  (830  ± 60  and  530 ± 60  years  B.P,  W-3879  and  W-  3880, 
respectively).  It  is  conceivable  too  that  flows  exposed  in  Kilauea  Iki 
(8BI57)  and  the  eastern  caldera  (IB680,  IB692,  IB776, 
IB788)  also  were  erupted  from  Mauna  Loa  and  flowed  into  the 
Powers  caldera. 

The  Volcano  flows  may  extend  far  down  the  flank  of  Kilauea. 
Much  of  the  north  flank  is  surfaced  by  younger  Ai-laau  flows,  but 
older  flows  above  the  Pahala  Ash  are  exposed  in  kipukas  south  of 
Keaau  (fig.  12.5/).  Aerial  photographs  reveal  rudimentary  fluvial 
drainage  on  the  kipukas  but  not  the  younger  flows  (fig.  12.21).  The 
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Figure  12-23.  — Red  tephra  cone  left  of  cenler  atposed  in  wnl  wall  of  Pauahi  Crater.  Crater  of  cone  was  choked  with  coarse  debra  and  then  filled  by  ponded  lava,  which 
cooled  to  produce  nuwvr  block  with  radial  pomtaiK  Lxciunitelv  detailed  molds  of  tree  ferns  are  found  in  lower  part  of  pond.  Yellow  tephra  layer  of  figure  12.27  occurs 
higher  in  wall  on  both  sides  of  cone  and  dips  down  toward  crater  Hiatus  above  yellow  tephra  it  apparently  correlative  with  hiatus  beneath  lava  pond,  and  yellow  tephra 
may  be  coeval  with  coarse  debris  within  buried  crater.  FVople  at  upper  left  stand  on  overlook  along  Cham  of  Craters  Road,  overlook  was  later  moved  about  1 00  m to  right 
On  crater  floor  at  Iowa  right  is  perched  lava  pond  (Holcomb  and  others,  1974)  active  on  this  day  Workers  on  crater  Boor  are  measuring  deformation  of  Boor,  which  is 
crust  of  fresh  lava  lake  bang  domed  by  continued  injection  of  lava  Foreground,  septum  between  west  pit  and  larger  central  pit  of  Pauahi;  septum  is  veneered  by  thm 
crustal  plates  of  lava  lake  that  subsided  within  central  pit  a few  weeks  earlier  (Tiding  and  others,  chapter  161  Lava  has  unce  broken  through  crust  of  west  pit  and  dribbled 
across  septum  into  central  pit.  Photograph  by  R T Holcomb,  December  4.  1973 
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older  flows  are  more  weathered  and  have  a different  vegetation 
pattern.  Tree  molds  in  the  younger  flows  show  that  trees  were 
growing  on  the  older  flows  when  they  were  flooded  by  the  younger 
lava.  The  older  flows  have  magnetization  (8B049,  8B073,  8B21 7; 
fig.  12.11/*,  crosses)  similar  to  those  at  Volcano,  but  they  are  similar 
also  to  9B889  (fig.  12.37),  which  is  tentatively  correlated  with  lava 
dated  at  about  3.7  ka  (W-4I77X  They  are  also  magnetically 
similar  to  a Manna  Loa  flow  (8B901 ) upslope  from  Mountain  View 
dated  at  about  5.6  ka  (W-3862X  This  magnetic  direction  is  near 
that  for  a geocentric  axial  dipole;  it  is  frequently  repeated  and  is 
therefore  not  very  diagnostic  of  age. 

A few  flows  along  Kilauea's  rift  zones  are  also  magnetically 
similar.  Among  them  is  the  flow  above  the  hiatus  m Pauahi  Crater 
(9B217X  which  could  represent  an  overflow  from  the  summit. 
Another  is  the  Kaliu  flow  (8B36I  and  9B493,  fig.  12.5 C.//X 
which  overlies  the  flows  of  Opihikao,  but  its  measured  magnetic 
dispersion  is  high  and  its  age  is  therefore  uncertain.  Ash-covered 
pahoehoe  of  Waiakahiula  Two  (8B097,  fig.  12.5/)  above  Pahoa 
also  has  this  direction,  as  do  flows  of  Keahialaka  and  Pohoiki 
(8B373,  fig.  12.5 H;  Moore,  1981 X but  they  could  be  older.  A site 
(9B865,  fig.  12.5/3)  on  the  lava  shield  of  Ponohohoa  Chasms  also 
is  similar,  but  here  again  the  age  is  not  constrained  stratigraphically. 
An  unnamed  pyroclastic  cone  of  the  lower  east  rift  zone,  2 km 
northeast  of  lilewa  Crater  (fig.  I2.5CX  has  been  dated  at  about  900 
years  B.P  by  l4C  (W-4690X  but  its  magnetization  is  not  known. 

Tube-fed  pahoehoe  flows  on  the  inland  side  of  the  lower 
southwest  rift  zone  (fig.  12. 5C)  have  yielded  l4C  ages  of  about 
900-1.000  years  (W-5147.  W-52II,  W-5215X  The  source  of 
these  flows  is  uncertain;  they  could  have  spread  down  the  west  flank 
of  Kilauea  from  a source  on  Maun  a Loa,  or  they  could  have  come 
from  the  summit  of  Kilauea.  They  may  be  coeval  with  the  flows  from 
the  Observatory  vent  if  that  vent  is  older  than  the  Ai-laau  vent,  as 
discussed  in  a later  section,  despite  distinctly  younger  ,4C  ages  for 
the  Observatory  flows. 

In  summary,  though  several  flows  are  tentatively  assigned  to 
Kilauea  eruptions  750-1,000  years  ago,  most  are  equivocal. 
Stratigraphic  uncertainty  permits  many  to  be  older,  and  of  those 
dated  by  l4C,  all  except  one  could  have  been  erupted  from  Mauna 
Loa. 

KALUE  FLOWS 

Much  of  the  Koae  fault  zone  north  and  west  of  Kipuka  Nene 
(figs.  12.18,  12.29)  is  surfaced  by  barren  lava  thought  to  have 
overflowed  the  southern  caldera  rim.  Tliese  flows  arc  not  easily 
differentiated  from  other  so-called  regional  pahoehoe  (Walker. 
1967)  barren  of  vegetation  above  Hilina  Pali,  but  they  arc  magnet- 
ically distinct  (fig.  12. 1 IF,  squares).  Below  the  pali  they  are  easily 
distinguished  from  older  flows,  being  darker  (fig.  12.32)  and  less 
green  because  of  less  weathering  and  less  surficial  cover.  Between 
Hilina  Pali  and  Puu  Kaone  they  are  split  into  four  main  lobes;  two 
cascaded  over  the  coastal  cliffs  to  form  the  Kakiiwai  and  Kalue  lava  I 
deltas,  and  a third  forms  the  shoreline  at  Kaaha. 

The  magnetization  of  these  flows  is  shared  by  others  to  the  west 
(fig.  12.5CX  including  the  pahoehoe  of  Kipuka  Pcpeiau  (8B493), 


the  Naliikakani  flows  (3R48IX  and  the  Waiwelawela  flows 
(8B529;  but  site  3R42I  on  the  Waiwelawela  flows  has  yielded  a 
different  resuItX  I Tie  Opihinehe  flows  (fig.  I2.5D)  are  probably 
coeval.  Because  no  lava  shield  of  this  age  is  known  along  the 
southwest  rift  zone,  these  extensive  flows  are  inferred  to  come  from 
the  same  summit  source  as  the  Kalue  flows. 

Similar  magnetization  is  also  shared  by  extensive  pahoehoe 
seaward  of  the  east  rift  zone  (fig.  12.5 E,F)  from  Kupapau  to 
Kaena  Point  (8B229.  8B241,  3RI57,  3RI8I)  and  beneath  the 
eastern  flows  of  Mauna  Ulu  (3R097.  3RI09,  3RI2I,  3RI33, 
3RI69,  3RI93,  3R229X  The  eruption  of  Kane  Nui  o Hamo  fed 
these  flows.  The  size  of  the  lava  shield  and  large  extent  of  its  tube-fed 
flows  suggest  that  this  was  the  longest  and  most  stable  eruption  of 
any  known  along  either  rift  zone,  but  no  other  rift  eruptions  of 
similar  age  have  been  found. 

The  age  of  this  group  is  uncertain,  and  because  it  illustrates  tbe 
contradictions  still  existing  among  stratigraphic,  paleomagnetic,  and 
,4C  data,  some  details  will  now  be  given.  The  magnetization  of  this 
group  is  consistent  with  an  age  of  750-  500  years,  according  to  the 
preliminary  chronology  of  Holcomb  and  others  (I986X  and  the 
magnetically  distinct  Kipuka  Nene  flows  beneath  are  judged  from 
other  evidence  to  have  an  age  of  1.1  ka.  as  noted  earlier.  Yet 
charcoal  from  beneath  one  of  the  upper  flows  (3R00I ; fig.  12.30)  in 
Kipuka  Nene  indicates  an  age  of  1.15  ka  (W-5135)  for  Kalue 
lava.  The  problem  is  compounded  by  two  other  flows  in  Kipuka 
Keana  Bihopa  (fig.  I2.5D)  with  still  different  magnetizations  but 
,4C  ages  of  1.14  ka  (W-52l2)and  1.13  ka  (W-3827X  Though 
the  magnetic  inclinations  of  both  latter  flows  (8B397,  3R025)  differ 
from  those  of  Kalue,  their  declinations  are  similar;  they  could  be 
coeval  with  Kalue  flows  but  have  inclinations  affected  by  a 
topographic  magnetic  anomaly  along  Hilina  Pali.  If  so.  the  three 
,4C  dates  would  agree  well  in  assigning  an  age  of  1.14  ka  to  the 
Kalue  flows  instead  of  the  500-750  years  adopted  here.  If  this  were 
true,  then  the  magnetically  distinct  older  flows  of  Kipuka  Nene 
would  have  to  be  older  than  its  assigned  age,  and  possibly  predate 
the  Powers  caldera. 

AI-LAAU  FLOWS 

Much  of  Kilaueas  north  flank  is  covered  by  tube-fed  flows 
octendmg  northeast  from  the  summit  to  tbe  coast  between  Haena 
and  Honolulu  Landing.  The  Ainaloa,  Kazumura,  Old  Volcano 
Trail,  and  other  flows  of  this  group  are  well-known  for  their  large 
lava  tubes.  Despite  high  rainfall  in  this  area,  the  flows  are  little 
weathered  and  support  a juvenile  forest  (figs.  12.5/,  12.21)  imply- 
ing that  they  are  young.  Their  vegetation  was  even  lighter  in  the  19th 
century,  eliciting  comments  from  visitors.  For  example,  Wilkes 
(1845,  p.  119)  observed  in  1840  that  “After  leaving  Olaa,  we  had 
no  distinct  path  to  follow;  for  the  whole  surface  became  a mass  of 
lava,  which  retained  all  its  metallic  lustre,  and  appeared  as  if  it  had 
but  just  run  over  the  ground  — so  small  was  the  action  of  decomposi- 
tion. There  were  only  a few  stunted  bushes  on  our  track."  Even  a 
critique  accusing  Wilkes  of  exaggeration  (by  “A.  V."  in  the  February 
I,  1847,  issue  of  a missionary  journal.  The  Friend)  described 
vegetation  different  from  today,  saying  “the  road  from  Olaa  to  the 
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Figure  12.26. — Hiatus  exposed  in  KsUora  Iki  Crater.  Photographs  by  J.D  Griggs.  December  1965.  A.  Norlhensl  wall  of  crater  be4ow  Byron  Ledge  overlook,  showmg 
color  change  on  face  of  cliff.  Tree-cowered  recess  at  right  is  older  Ai  Laau  pari  of  crater.  B.  Closer  new  of  color  change,  which  coincides  with  layer  of  red  cmders.  Debris 
from  this  layer  mantles  slopes  below,  reddening  surface  and  supporting  more  plant  growth  than  slopes  above.  Cinder  unit  is  truncated  at  right  by  densely  vegetated  dan 
lava  plaster  on  wall  of  Ai  laau  crater;  plaster  may  be  dregs  of  subsided  lava  lake. 


volcano  is  generally  very  distinct.  Ohelo  bushes  grow  much  of  the 
way,  as  other  bushes,  grass  and  small  trees,  on  both  sides  of  the 
road." 

Of  seven  ,4C  ages  obtained  from  these  lava  flows  (table  I2.6X 
three  that  duplicate  others  are  anomalous  and  are  disregarded. 
Others  range  from  260  to  450  years  and  average  335  years  B.P. 
They  are  distinctively  magnetized  (fig.  12.  I IF,  triangles;  sites 
8B001.  8B061 , 8B085,  8BI69,  8BI93.  8B42I,  8B733, 
8B793,  9BI2I,  9BI33,  9B421.  9B433,  9B397.  9B673X 

Ohia  trees  clustered  along  flow  margins  can  be  used  to 
delineate  individual  tube-fed  flows  (figs.  12.57,  12.21)  up  to 
elevations  of  about  500  m.  Separate  flows  cannot  be  mapped  above 
this;  they  disappear  upslope  into  a monotonous  young  ohia-hapuu 
forest  that  attends  to  the  summit  region.  Thurston  Lava  Tube  and 
other  tubes  fanning  eastward  from  the  summit  fed  the  multiple  lobes 
distinguished  at  lower  elevations. 

The  source  of  the  flows  is  the  eastern  part  of  Kilauea  Iki  (figs. 
12.5 A.  I2.33X  which  is  an  eruptive  crater  choked  with  talus.  It  is 
older  than  the  other  parts  of  Kilauea  Iki  and  supports  a more  mature 
forest.  It  is  also  less  deep  and  has  lava  plastered  against  its  walls  in 
some  places.  The  rest  of  Kilauea  Iki  is  deeper,  steeper,  and  lacks 
wall  plaster;  it  is  a chain  of  later  collapse  pits.  A sagged  platform 


east  of  this  Ai-laau  vent  resembles  those  developed  above  Alae  and 
Aloi  Craters  after  burial  (Swanson  and  others,  1972;  Holcomb  and 
others,  1974);  a buried  pit  crater  is  inferred  beneath  it.  The 
presence  of  such  a crater,  filled  with  still-cooling  lava,  could  otplain  a 
self-potential  anomaly  mapped  by  Zablocki  (1976)  in  this  area. 

Also  inferred  to  come  from  the  Ai-laau  vent  are  magnetically 
similar  (8BI09,  8BI81, 9BI45A)  tube-fed  flows  attending  north- 
east from  the  middle  east  nft  zone  near  Kalalua  to  the  coast  around 
Makuu  (fig.  I2.5C-/X  Initially  these  flows  were  assumed  to  have 
come  from  the  rift  zone,  but  no  vent  could  be  found;  vents  inferred 
by  Moore  and  Koyanagi  (1969)  arc  younger  fissures  crossing  the 
flows,  while  Kalalua  and  other  pyroclastic  cones  are  older  and  F^iu 
Kahaualea  is  younger.  Because  their  vegetation  and  magnetization 
are  similar  to  those  of  the  other  flows  from  the  Ai-laau  vent,  they  are 
inferred  to  be  of  the  same  age  and  come  from  that  same  vent.  If  so, 
they  must  have  spread  east  past  the  northeast  side  of  Kane  Nui  o 
Ha  mo  and  along  the  northern  part  of  the  rift  zone  for  several 
kilometers  before  moving  northeast  onto  the  north  flank.  Fissures, 
faults,  and  grabens  may  have  prevented  them  from  crossing  the  rift 
zone  and  spreading  farther  south.  The  many  structures  crossing 
them  must  be  younger  or  had  recurrent  displacement  after  burial 
350-  500  years  ago. 
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FIGURE  12.26 — Continued. 


The  lightly  vegetated  Krauhou  flows  seaward  of  the  upper  east 
rift  zone  west  of  Kane  Nui  o Hamo  (figs.  12. 5£,  12.34,  12.35) 
have  similar  magnetization  (8B54I,  IB432,  3R049,  3R073, 
3R085,  3R205,  3R2I7,  3R265,  3R325,  3R397)  and  '«C  ages 

(table  I2.6X  These  flows  could  come  from  the  Ai-laau  vent,  but 
they  are  smaller  and  include  a more  comp  lot  assemblage  of  flow 
types.  They  probably  represent  sustained,  unstable  eruption  (table 
12.1)  from  an  upper -east -rift  vent,  most  likely  F\iu  Huluhulu.  The 
spatter  cone  between  Hiiaka  and  Devils  Throat  also  has  similar 
magnetization;  this  brief  eruption  may  have  preceded  the  sustained 
ooe  (like  the  brief  eruptions  of  1968-69  that  preceded  the  Mauna 
Ulu  eruption  of  1969-74)  but  a stratigraphic  relationship  has  not 
been  established.  Some  pit  craters  of  the  upper  east  rift  zone  must 
postdate  these  eruptions. 

Other  flank  vents  and  flows  are  thought  to  have  similar  ages. 
Two  assemblages  have  similar  magnetization.  One  is  the  group  of 
Kamakaiauka  along  the  southern  strand  of  the  southwest  rift  zone 
(fig.  I2.5B);  its  age  assignment  is  tentative  because  only  one 
paleomagnetK  site  (8B48I)  has  been  sampled  from  an  aa  flow. 
Another  group  along  the  lower  east  rift  zone  (fig.  12.5 H)  includes 
Kaholua  o Kahawali  (9B205)  and  its  associated  lava  flows.  A flow 
younger  than  F\ju  Kaliu  but  older  than  A.D.  1790  lava  has  been 
dated  at  about  500  years  B.P.  (W-4688X  while  a flow  at  Krhena 
has  been  dated  by  l4C  at  about  450  years  B.P.  (W-5054X  Puu 
Honuaula  and  a flow  2 km  southwest  of  Puu  Kaliu  are  dated  at 
about  350  years  B.P.  (W-5048.  W-3800) 


Macdonald  (1941)  and  Holcomb  (1980a)  included  several 
other  vents  with  Kaholua  o Kahawali  because  the  legend  of  Pele  and 
Kahawali  suggests  that  a long  chain  of  vents  erupted  at  the  same 
time.  But  mapping  by  R.B.  Moore  (1981 ) has  not  confirmed  this. 
Moore  believes  that  Kaholua  o Kahawali  and  an  adjacent  cone  are 
significantly  younger  than  Halekamahina  and  other  nearby  vents. 
Moore  has  also  mapped  as  much  older  a flow  having  similar 
magnetization  (8B037)  east  of  Kapoho  Crater. 

One  other  Puna  flow  should  be  mentioned,  the  prominent  aa 
flow  of  Makaukiu  Point  between  Nana  wale  and  Cape  Kumukahi 
(fig.  12.5 H\  A '«C  age  of  350  years  B.P.  (W-5088)  has  been 
obtained  from  charcoal  beneath  this  flow,  and  chemical  weathering 
data  suggest  an  age  of  300-350  years  (Atkinson  and  Swindate. 
I974X  Moore  (1981)  has  mapped  it  as  one  of  the  youngest 
prehistoric  units  in  the  Kapoho  area  because  it  still  projects  beyond 
the  adjacent  shoreline  to  form  Makaukiu  Point.  However,  this  flow  is 
clothed  by  a mature  Pandamu  forest  that  implies  it  is  much  older 
(Atkinson,  I970X  and  paleomagnetK  data  (8B973,  9BI8I)  indi- 
cate that  it  and  the  flows  beneath  are  older  than  1.5  ka. 

Dating  is  not  yet  precise  enough  to  determine  relative  ages  of 
eruptions  within  this  interval,  and  it  is  not  clear  whether  the  nft 
eruptions  are  younger  or  older  than  the  Ai-laau  vent.  Some 
Hawaiian  traditions  suggest  a sequence:  Kaholua  o Kahawali  and 
the  flows  seaward  of  F\iu  Huluhulu  are  associated  with  the  current 
volcano  goddess  Pele  (Ellis,  1827;  Macdonald,  1941 X while 
activity  at  Kilauea  Iki  is  associated  with  Peles  predecessor,  Ai-laau 
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FlCURE  12.27.  — Hiatus  apoml  in  north  wall  of  Pauahi  Grata.  Photographs  by  J.  D Griggs.  Octoba  1965.  A,  Northwest  wall  of  Pauahi,  viewed  from  overlook  shown  in 
figure  12.23.  Hiatus  occurs  atop  yellow  lephra  layer  B.  Closeup  view  of  yrBow  Irphra,  which  is  mixture  of  blocks  and  ash.  Thts  lephra  may  consist  in  part  of 
Uwekahuna  Ash  Member,  but  because  it  grades  lata  ally  into  coarse  debns  m crata  of  buned  lephra  cone  nearby  (hg.  12.23),  at  least  some  of  it  may  have  been  ejected 
from  local  source.  Organic  ash  u abundant  atop  tephra.  and  overlying  lava  flow  contains  many  tree  molds 


(Westervelt,  1916).  If  that  chronology  is  correct,  the  rift  eruptions 
followed  the  summit  eruption. 


OBSERVATORY  FLOWS 

Lightly  vegetated  prehistoric  tube-fed  flows  in  a band  4 km 
wide  extend  down  the  inland  side  of  the  southwest  rift  zone  (fig. 
I2.5B.O  They  are  buried  by  Keamoku,  Mauna  Iki.  and  Cone 
Peak  flows  at  elevations  of  800-900  m but  reappear  higher  up; 
flows  with  similar  magnetization  ( I BOO  I , IB0I3.  IB025,  IB037. 
1B049.  1B06I.  IB073.  IBI09.  I Bl 33)  form  the  northwest  rim  of 
the  present  caldera  (fig.  12.5 A)  and  the  upper  section  of 
Uwekahuna  Bluff  (5  flows  of  IBI57;  sites  145-148,  Dodl  and 
Cox,  1965) 

Though  detailed  mapping  may  show  some  of  these  flows  to 
have  been  erupted  on  Mauna  Loa  (possibly  more  of  the  lava  north  of 
Free  Molds  dated  by  W-3879  and  W-3880)  the  source  of  at 
least  some  was  a long -sustained  vent  located  in  what  is  now  the 
northwest  caldera  near  Uwekahuna  Bluff.  A large  lava  shield  grew 
around  this  vent;  it  is  well  oppressed  west  and  northwest  of  the 
caldera  rim  by  ground  slopes,  mappable  aa  lobes,  and  flow 


iineations  radiating  from  a point  about  I km  east  of  the  Hawaiian 
Volcano  Observatory  (fig.  12.36)  The  crater  of  the  Observatory 
vent  may  have  extended  close  to  Uwekahuna  Bluff.  Though  the 
large  shield  and  extensive  tube-fed  pahoehoc  indicate  that  activity 
was  long-sustained  at  the  Observatory  vent,  the  radiating  aa  lobes 
indicate  some  instability  toward  the  end  of  its  activity,  like  that 
observed  at  Mauna  Ulu  (Tilling  and  others,  chapter  16;  Holcomb, 
1976a) 

Rows  of  apparently  similar  age  cover  the  south  flank  north  and 
west  of  Kipuka  Ahiu  and  extend  over  Hilina  Pali  to  the  coast  west 
of  Kaaha  (fig.  I2.5B.B)  They  consist  of  multiple  units,  aa  flows 
from  the  southwest  rift  /one  being  inter  bedded  with  pahoehoc  flows 
from  the  summit.  Aa  mapped  by  Walker  (1967)  as  one  unit  from 
Puu  Koae  actually  consists  of  two  flows  separated  by  pahoehoc  from 
the  summit  (fig.  12.37)  The  western  aa  flow,  traceable  directly  to 
Puu  Koae,  was  erupted  in  the  18th  century  and  lies  atop  the 
pahoehoc,  while  the  eastern  aa  lobe,  inferred  to  come  from  Cone 
Crater,  lies  below  the  pahoehoc.  Another  pahoehoc  sheet  occurs 
beneath  the  Cone  Crater  aa  flow.  The  pahoehoc  unit  between  the  aa 
flows  is  distinctively  picntic.  Though  Walker  (1967)  did  not  map 
the  contact  between  the  picntic  unit  and  older  pahoehoc,  he  did 
show  rxtensive  distribution  of  picritic  basalt  with  separate  symbols. 
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A 

FlT.UK>.  12.26.  — Hiatus  exposed  in  Makaopuhi  Crater.  A.  Northwest  wall  of  crater,  viewed  from  west  nm.  showing  lower  layer  of  yellow  tephra  separated  by  thin  lava  flows 
from  upper  layer  of  reddish  tephra.  Massive  lava  flows  above  red  tephra  occur  in  flank  of  Kane  Nui  o Hamo  lava  shield  Photograph  by  R.T  Holromh,  February  6. 
1973.  B,  Closcup  view  of  upper  tephra  layer,  which  consists  at  red  and  green  cinder  beds.  This  layer  appears  to  have  been  barren  of  vegetation  when  it  was  covered  by 
lava.  Photograph  by  R.T.  Holcomb,  March  24.  1974  C.  Closeup  view  of  lower  yellow  tephra  layer,  which  consists  of  blocks  and  ash.  1-arge  sue  of  some  blocks 
indicates  they  were  ejected  from  local  source,  such  as  nearhy  p«l  crater  ancestral  to  Makaopuhi.  Upper  part  of  th»s  layer  is  rich  m organic  ash.  and  lava  flow  above  it 
contains  many  molds  of  trees  and  ferns,  indicating  hiatus  in  accumulation  of  lava  flows  Photograph  by  R.T  Holcomb.  March  24.  1974  D,  Southwest  wall  of  uatrr. 
viewed  from  meuarune,  thawing  two  tephra  layers  and  small  tephra  cone  lower  m section.  Photograph  by  R.  I Holcomb.  June  30.  1972,  when  lava  from  Maun*  Ulu 
was  cascading  over  crater  rim  to  build  talus-and-lava  cones  (Holcomb  and  others,  1974)  agamsl  crater  wall. 
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Figure  12  28  — Continued. 


i 

Digitized  by  Coogle  I 


12.  ERUPTIVE  HISTORY  AND  LONG  TERM  BEHAVIOR  OF  KILAUEA  VOLCANO 


307 


D 

Figure  12.28.  — Conimued. 


and  picritic  lava  has  b een  traced  to  the  southwest  rim  of  Kilauea 
caldera  (T.  L.  Wight,  oral  conunun. , I976X  where  it  is  the  top  unit 
beneath  the  Keanakakoi  Ash  Member.  The  Cone  Crater  aa 
(8B457)  and  the  picritic  unit  (1B097)  are  magnetically  similar  to 
the  Observatory  flows;  the  older  pahoehoe  (8B445)  is  magnetically 
more  similar  to  the  flows  of  Volcano. 

The  Observatory  flows  are  of  uncertain  age.  They  predate 
Cone  Peak  and  other  18th-century  flows  of  the  southwest  rift  zone, 
but  their  age  relative  to  Ai-laau  flows  is  not  yet  certain.  Vegetation  is 
sparser  on  Observatory  flows,  but  this  probably  anses  from  a 
rainfall  contrast  instead  of  a difference  in  age:  annual  rainfall  on  the 


north  flank  is  380  cm  (150  in.)  versus  75  cm  (30  in.)  on  the 
southwest  flank.  Observatory  flows  have  deeper  weathering  (J. 
Lockwood,  oral  commun. , I985X  but  because  they  are  downwind 
from  summit  vents  their  weathering  may  have  been  accelerated  by 
fumarolic  acids. 

Four  ]*C  ages  have  been  obtained  from  Observatory  flows 
(table  I2.6X  but  one  is  anomalous.  Sample  W-4998  was  collected 
within  the  caldera  near  Tree  Molds  (fig.  I2.5A)  and  is  the  sample 
most  likely  contaminated  by  fumarolic  carbon  (Rubin  and  others, 
chapter  9;  Chatters  and  others,  I969X  The  other  three  ages  are 
similar  to  those  for  Ai-laau  flows.  Because  the  Observatory  flows 
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Vegetation  boundary  A Stt*  on  Kaluc  flo*-* 
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Appro  aim  ate  contact.  Inferred  later  from 

paleom  agnatic  rewha 


FlCUKE  12. 30. — Location  of  Kakic  flow  margin  adjacent  to  Kipuka  Nenr.  A,  Sketch  map  of  Kipuka  Nene  paciuc  area,  showing  flow  margin  inferred  initially  and  that 
inferred  currently.  Margin,  traced  with  certainty  only  near  picnic  shelter,  does  not  coincide  exactly  with  vegetation  boundary,  canting  earlier  confusion  about  ages  of 
Kipuka  Nene  and  Kahae  lava  flows.  Boundary  between  trees  and  barren  lava  may  follow  edge  of  thicker,  inflated  part  of  Kaluc  flows  not  easily  penetrated  by  tree  roots. 
Thmoer  marginal  lobes  may  be  penetrated  easily  by  roots  of  trees  but  not  roots  of  grass,  and  sand  and  soil  beneath  may  provide  water  and  nutrients  enhancing  tree  growth. 
B,  PaleomagnetK  results  from  Kipuka  Nene  area;  Kipuka  Nene  and  Kalue  flows  are  naagnetxally  ditfinci  EJlipv  divided  into  fields  cunt  strung  tiles  of  similar  age,  as 
defused  a.  hgure  12.11. 


were  sampled  downwind  from  summit  vents,  their  ,4C  ages  could  be 
affected  by  fumarolic  carbon,  while  samples  beneath  Ai-laau  flows 
from  the  rainy  windward  flank  could  be  contaminated  by  modern 
organisms.  This  suggests  that  the  Observatory  flows  may  be  youn- 
ger; but  three  older  ages  from  the  southwest  rift  zone  could  also 
represent  Observatory  flows  (table  12.6),  and  tbey  would  raise  the 
Observatory  mean  to  more  than  500  years. 

The  two  flow  groups  differ  magnetically  (fig.  12. II/*).  the 
Observatory  direction  being  intermediate  between  the  Ai-laau  and 
18th  century  directions.  However,  the  Observatory  magnetization  is 
not  far  from  the  axial  dipole  direction  and  alone  is  not  diagnostic  of 
age,  Holcomb  and  others  ( 1 986)  argued  that  the  Observatory  flows 
are  younger  than  Ai-laau  flows  because  lava  in  Uwekabuna  Bluff 
beneath  the  Observatory  flows  seemed  to  have  Ai-laau  magnetiza- 
tion, according  to  the  data  of  Docll  and  Cox  (1965,  flows 
138-144)  and  R.R.  DoelJ  (unpublished  work,  flows  1371,  I38A, 
138B,  I39A,  I40A.  I41A,  141B.  142A>  But  later  sampling 


(IB582,  IB594,  1B606)  has  not  confirmed  the  Ai-laau  direction 
m Uwekahuna  Bluff;  it  appears  that  the  inferred  Ai-laau  samples  of 
DoelJ  and  Cox  were  taken  from  a rotated  fault  block.  Because  the 
Observatory  flows  are  magnetically  not  very  different  from  the 
Volcano  flows,  they  could  be  similar  in  age  to  the  Volcano  flows  and 
thus  500  years  older  than  judged  by  Holcomb  and  others  ( 1 9863 
Detailed  mapping  and  chemical  analyses  should  help  sort  out  ages 
and  sources  of  these  various  inter  fingered  flows  from  Kilauea  and 
Mauna  Loa. 

LATEST  PREHISTORIC  ERUPTIONS 

Prominent  widespread  flows  along  both  rift  zones  span  a 
narrow  range  of  ages.  Most  of  them  probably  date  from  the  18th 
century,  though  some  may  be  slightly  older.  This  interval  of  frequent 
rift  eruptions  ended  with  a caldera  collapse  and  explosive  eruption  at 
the  summit. 
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Figure  I2.JI. VctcUioo  contrail*  be*we«>  flow.  of  Volcano.  older  *o*n  of  Maun*  Ln*.  and  yogurt  Bowl  of  Ai-Imh  venl  Urge  red  do*.  >«C  um«4e  Mte,  pan  <rf  smaller  red  dolt. 

triplet  prrfMrrd  from  frame*  IB)  185.  roll  I2CC,  USDA  *enr*  I'-KL,  l%V 
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FlCURE  12.34. — Maura  Ulu  region  of  upper  rail  rift  loot  and  louth  flank  High  -altitude  falte -color  infrared  photograph  ihowing  band*  of  Mauna  Ulu  lava  in  center, 
flanked  to  left  by  Krauhou  and  Krpuka  Nene  flour*,  and  to  right  by  flow*  of  Kane  Nui  o Hamo  Rain  fornt  along  rift  cone  it  red;  oldett  gran  covered  flow*  have  very 
bghi  toon.  Barren  lava  flow*  are  bluith  gray  and  black  Darketl  flow*  are  aa;  rnt  are  pahoehoe  U2  photograph  by  NASA  Aim  Retearth  Center.  1974. 
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Figure  12.35.  — Mauna  Uhl  region.  With  Lava  flow*  classified  by  their  morphology.  Shown  also  are  boundaries  between  pahoehoe  unit*  of  chfferenl  age.  a* 
on  figure  12.5/:.  and  eruption  years  of  historical  flows.  Simplified  from  Holcomb  (1976a,  1 960a  1 
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Future  12.36. — Northwest  lector  of  Kilauea  colder*.  Location  of  Obiervaiory  vent  i*  inferred  from  radiating  ground  slopes  and  lav*  flow  j Enlarged  Observatory  hreprt  is 
conjectural,  its  former  existence  suggested  by  remnants  of  concentnc  dikes  on  present  caldera  wall  (fig-  12  49}  Youngest  aa  flows  and  their  channels  (visible  beneath 
mantle  of  Keanakakot  Ash  Member)  appear  to  have  been  deflected  along  fault  scarp  now  culling  across  them,  indicating  that  displacement  began  before  flows  were 
erupted-  Thu  early  deformation  could  have  arisen  from  thermal  contraction  of  lava  filling  older  Powers  caldera,  as  shown  <n  figure  12-50. 


KOKOOLAU  ERUPTION 

Superposition  relations  between  Kokoolau  (fig.  12.38)  and 
surrounding  lava  flows  are  not  yet  clear.  Holcomb  (1980a)  inter- 
preted Kokoolau  as  a kipuka  surrounded  by  flows  from  the  Ai-laau 
vent,  but  paleomagnetK  sites  on  Kokoolau  (I  Bl 88,  fig.  1 2. 5/1)  and 
seaward  flows  (IB2I2,  3R349)  extending  into  Kipuka 
Papaiinamoku  have  shown  that  they  are  probably  younger,  dating 
from  the  late  1 7th  century  or  early  18th  century.  An  aa  flow  east  of 
the  Ahua  Kamokukolau  triangulation  station  (fig.  12.5/U  atop 
Kalue  lava  and  probably  fed  by  a caldera -concentric  vent  mantled 
by  A.D.  1 790  ash  south  of  Keanakakoi,  is  overlapped  by  pahoehoe 
on  its  east  side  (Peterson,  1967,  and  written  commun. , 1966).  The 
younger  pahoehoe  is  thought  to  come  from  Kokoolau;  if  so, 
Kokoolau  is  not  only  younger  than  the  Kalue  lava  but  also  younger 
than  at  least  one  of  the  concentric  vents.  Kokoolau  probably  belongs 


to  an  extensive  assemblage  from  the  17th  and  18th  centuries  that 
extends  the  length  of  the  east  rift  zone. 


VEGETATION  PATTERNS  OF  THE  MIDDLE  EAST  RIFT  ZONE 

One  reason  for  the  age  uncertainty  of  Kokoolau  is  a coinciden- 
tal vegetation  boundary  caused  by  orographic  rainfall  variation.  The 
rest  of  the  east  rift  zone  extends  through  an  area  of  high  rainfall  and 
rapid  forest  growth,  making  it  possible  to  differentiate  lava  flows 
using  vegetation  patterns  (Atkinson,  1970)  The  latest  prehistoric 
flows  downnft  from  Kokoolau  can  be  recognized  from  their  dis 
tine  live  vegetation.  Although  in  rainy  areas  they  are  densely  over- 
grown. their  vegetal  structure  and  florislic  composition  indicate  that 
they  are  considerably  younger  than  neighboring  flows,  including 
those  from  the  Ai-laau  vent  (fig.  12.39) 
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FIGURE  12.38.  — Kakoolau  and  eruption  product*  of  18th  century. 


Older  flows  display  on  aerial  photographs  a relatively  coarse 
forest  grain  owing  to  greater  spacing  and  crown  heights  of  trees. 
Vegetation  patterns  have  hectometer-scale  patchiness,  unrelated  to 
flow  morphology.  When  viewed  on  the  ground,  large  ohia  lehua  trees 
( Metrosideros  polymorpha)  of  older  forests  commonly  are  seen  to  be 
epiphytically  rooted,  indicating  that  they  are  not  the  first  generation 
of  trees  on  the  flows.  Older  flows  have  more  floral  diversity;  kukui 
trees  (candlenut:  Aleurites  moluccana ) are  especially  common  in 
older  forests  at  lower  elevations  and  are  easily  detectable  because  of 
their  high  albedo.  The  younger  flows  possess  a finer  vegetation  grain 
arising  from  close  spacing  of  young  trees,  and  the  patchiness  of  the 
forest  on  them  is  closely  related  to  flow  margins  and  other  features  of 
the  flow  morphology. 

Most  of  the  younger  flows  date  from  the  I8lh  century,  though 
some  could  be  slightly  older.  They  are  distinctly  older  than  flows  of 
1840,  which  arc  also  densely  vegetated  but  with  plants  that  are 
shorter  and  more  closely  spaced  (fig.  12.39^  Though  they  must  be 


prehistoric,  their  l4C  ages  are  consistently  less  than  200  years  B.P. 

(W-359,  W-2970.  W-3467,  W-3468,  W-4638. 
W-4639,  W-4644,  W-4689)l 

An  1 8th  century  age  is  indicated  also  by  1 9th-century  accounts 
showing  that  the  flows  were  then  much  less  overgrown  than  now. 
Members  of  the  United  States  Exploring  Expedition  in  1840-41 
were  able  to  walk  the  length  of  the  middle  east  rift  zone  from  Napau 
to  Pahoa  in  a single  day,  traversing  “old  lava  plains  * * * covered 
with  stunted  shrubs"  (Wilkes,  1845;  see  especially  p.  181-183, 
2I6X  A similar  Inp  in  1975  required  two  days  of  arduous  travel 
through  heavy  forest,  despite  some  barren  areas  of  20th-century 
lava.  When  Wilkes  passed  by  the  north  side  of  Heiheiahulu  lava 
shield  (which  he  called  "Kalalua")  he  could  see  that  it  was  a volcanic 
cone  surfaced  by  streams  of  pahoehoe  even  though  he  had  no  tune  to 
examine  it  at  close  range.  Today  the  shield  is  so  densely  carpeted 
with  small  trees  and  uluhe  ( Dicranopteris  linearis,  a species  of  false 
staghorn  fern)  that  its  nature  cannot  be  determined  without  climbing 
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its  Bank;  in  fact,  the  vegetation  is  so  dense  that  Heiheiahulu  and 
some  smaller  cones  mentioned  by  Wilkes  cannot  even  be  seen  from 
most  places  along  the  rift  zone.  Because  of  their  vegetal  sparsity  then 
and  dense  vegetation  now,  most  Bows  along  the  middle  east  rift  zone 
must  have  been  quite  young  when  traversed  in  1540. 

In  an  earlier  interpretation  of  these  vegetation  patterns,  Moore 
and  Koyanagi  (1969)  differentiated  “late  prehistoric”  flows  (older 
than  about  300  years)  from  “very  late  prehistoric"  flows  older  than 
1840.  However,  the  vegetation  contrasts  they  used  to  differentiate 
the  two  groups  arise  from  differences  in  flow  morphology  instead  of 
age.  This  is  demonstrated  by  vegetation  patterns  seaward  of 
Heiheialulu  lava  shield,  inland  from  Kaimu  (fig.  12.40).  Here  oral 
history  establishes  the  age,  and  ranges  of  climate  and  flow  mor- 
phology reveal  various  rates  of  forest  development  for  different 
conditions  of  rainfall  and  substrate. 

HEIHEIAHULU  ERUPTION,  CIRCA  A.D.  1750 

In  1823  Ellis  (1827)  was  told  in  Kaimu  that  “the  district  * * * 
was  overflowed  [by  lava]  in  the  days  of  Arapai.”  Because  the  reign 
of  Alapai  [“Arapai”]  was  less  than  a century  earlier  (approximately 
1730-54,  according  to  Hitchcock,  1911)  this  report  should  be 
reliable.  Macdonald  (1941)  supposed  the  eruption  of  circa  1750  to 
be  represented  by  a barren  aa  flow  along  the  coast  about  I km  east 
of  Kaimu  (fig.  12.41).  Macdonald  could  not  trace  this  flow  directly 
to  its  source  because  it  disappears  into  thick  forest,  but  extrapolation 
upslope  showed  that  its  probable  source  was  Heiheiahulu  (Steams 
and  Macdonald,  I946)l 

Stratigraphic  relations  at  the  shoreline  demonstrate  that  this 
flow  is  not  the  youngest  one.  Its  eastern  margin  is  overlam  by 
pahoeboe  of  a lava  delta  (Moore  and  others,  1973)  covering  3 km  of 
shoreline  eastward  past  the  Moana  Hauae  triangulation  station  and 
Waipuku  Point  (figs.  12.41,  12.42)  This  delta  was  fed  by  a lava 
tube  traceable  to  the  upper  flank  of  Heiheiahulu  (fig.  12-43)  Other 
tubes  and  channels  radiate  from  Heiheiahulu;  the  shield  and  its  flows 
comprise  a diverse  assemblage  similar  to  that  of  Mauna  Ulu.  The 
Kaimu  district  was  overflowed  not  by  a single  flow  but  by  many,  and 
by  analogy  with  Mauna  Ulu  this  18th-century  eruption  was  sus- 
tained for  several  months  or  a few  years. 

Though  all  of  the  Heiheiahulu  flows  are  closely  similar  in  age, 
their  vegetation  is  highly  diverse,  varying  with  flow  morphology  and 
climate.  The  dominant  trees  on  all  flows  are  young  ohia  (Mctro- 
sideros  polymorpha\  but  the  flows  vary  widely  in  the  size  and 
spacing  of  their  trees  and  the  character  of  their  understories.  In  a 
narrow  relatively  warm  and  dry  band  along  the  coast,  the  vegetation 
is  light  on  all  flows  but  is  more  dense  on  tube-fed  pahoehoe  than  on 
aa.  Aa  is  colonized  only  by  scattered  ohia  and  lichen,  while  adjacent 
pahoehoe  has  thickets  of  shrubs  and  grasses  as  well  as  more 
numerous  ohia.  The  contrast  is  probably  caused  by  differences  in 
water  retention;  pahoeboe  is  less  permeable  and  rainwater  remains  ] 
on  it  longer  than  oo  aa.  Though  vegetation  is  much  more  dense  in 
wetter  and  cooler  areas  at  higher  elevations  inland,  vegetal  contrast 
remains  high  between  flow  types.  Ohia  trees  arc  taller  and  more 
closely  spaced  on  aa  flows  than  on  pahoehoe.  The  broader  spaces 
between  trees  on  pahoehoe  are  generally  overgrown  by  thick  tangles 
of  uluhe.  Aa  probably  provides  better  substrate  for  trees  where  ' 


rainfall  is  abundant.  Transitions  in  the  vegetal  cover  on  a single  flow 
correspond  to  morphologic  transitions,  so  that  although  Heiheiahulu 
lavas  are  densely  forested,  it  is  still  possible  to  map  morphologic 
transitions  from  vegetation  patterns  visible  on  aerial  photographs. 
Trees  grow  faster  along  margins  of  flows  than  in  their  centers, 
probably  because  thinner  margins  are  more  easily  penetrated  by 
roots.  Where  flows  are  thick  they  commonly  possess  massive  interiors 
that  may  prevent  roots  from  reaching  nutrients  and  moisture  beneath 
the  lava. 

These  vegetation  patterns  can  be  used  to  identify  1 8th-century 
flows  along  most  of  the  east  rift  zone.  Similar  relations  of  vegetation 
to  flow  morphology  and  climate  have  been  found  on  the  1 868  Bow  of 

Mauna  Loa  (Juvik,  1976) 

OTHER  ERUPTIONS  FROM  THE  EAST  RIFT  ZONE 

A few  flows  have  been  included  with  the  18th-century  group 
despite  evidence  that  they  may  be  somewhat  older.  On  some  flows 
the  vegetation  is  slightly  different,  the  ohia  trees  being  taller  and 
more  widely  spaced  and  giving  the  forest  a coarser  gram  when 
viewed  on  aerial  photographs.  Some  of  these  flows  may  be  contem- 
poraneous with  the  Observatory  flows,  but  this  is  not  yet  certain; 
some  of  the  flows  differ  for  reasons  other  than  age.  An  example  just 
southeast  of  Napau  (fig.  12.44)  has  a vegetation  pattern  coarser 
than  most  18th-century  flows,  but  ,4C  samples  W— 3468  and 
W— 3469  suggest  an  age  younger  than  200  years.  This  flow  consists 
of  surface-fed  pahoehoe  generally  less  than  I m thick,  penetrated  by 
tree  molds  from  which  many  of  the  present  trees  grow.  These 
conditions  may  have  permitted  more  diversity  and  rapid  growth;  if 
so,  they  prevent  fine  age  distinctions  based  on  vegetation  differences. 

Some  age  uncertainties  arise  from  early  historical  descriptions. 
For  example,  the  pahoehoe  of  Malania- Ki  Forest  Reserve,  compris- 
ing the  coastline  between  Lilitoa  and  Mackenzie  State  Park  (fig. 
12.45)  is  included  in  the  18th-century  group  even  though  ElKs’ 
(1827,  p.  201,  205)  account  seems  to  preclude  such  an  age.  EJIts 
was  told  on  passing  through  Malama  that  the  area  inland  was 
inundated  by  an  eruption  in  about  A.  D.  1 790,  but  he  observed  that 
the  coastal  tract  where  he  traveled  “was  covered  with  soil,  and 
smiling  with  verdure."  He  was  told  later  at  the  village  of  Pualaa  that 
an  eruption  near  the  time  of  Cooks  visit  inundated  much  country 
along  the  lower  east  rift  zone  but  was  arrested  by  the  contiguous  hills 
of  Kaliu,  Malama  (Kahuwai-Puulena)  and  Honuaula.  Macdonald 
( 1941 ) inferred  from  these  accounts  that  the  flows  of  circa  1 790  were 
confined  to  the  region  north  of  Puu  Kaliu  and  Malama,  but  aenal 
photographs  show  that  Macdonalds  fissure  vent  extending  from 
Kaliu  to  Malama  fed  flows  to  the  south  as  well  as  to  the  north.  The 
two  reports  given  to  Ellis  could  have  referred  to  two  different 
eruptions  m the  late  1 8th  century,  so  that  the  one  confined  north  of 
the  Kaliu- Malama  complex  differs  from  the  one  sending  flows  into 
the  lower  Malama  district,  resolving  the  apparent  contradiction. 
But  Ellis’  implication  that  coastal  Malama  was  not  flooded  is  clearly 
inconsistent  with  the  flow  distribution  shown  on  figure  12.45.  More 
faith  is  placed  here  in  the  vegetation  and  flow  morphology  than  in 
Ellis’  inference.  An  18th-century  age  for  the  Malama  flow  is  also 
consistent  with  its  direction  of  remanent  magnetization  (site  8B025) 
Ellis’  verdant  coastline  may  front  another  part  of  Malama,  or 
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FlCL’Kl.  12.40.  — Lav*  flvwt  of  urc*  1750  eruption  of  Hcihnahulu,  t Unified  by  thru  morphology  Relative  **e»  indicated  *1  «o«nr  contact*:  Y.  younger;  O,  older. 

queried  v»brrr  uncertain. 
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FIGURE  12.42.  — Strahgraphtc  relation  of  circa  1750  Bow*  at  thurrhnr.  A.  Oblique  aerial  view  showing  circa  1750  Bow  of  Macdonald  (1941)  on  left  and  lube-fed  flew  ^ 
Moana  I lauaeWaipuku  Ratal  lava  della  on  right  Narrow,  bghlloned  bom  of  pahuehoe  extend*  along  iborebnr  from  delta  lo  front  of  aa  Bow.  Horn*  typically  form  wbra 
turf  retard*  spreading  of  delta  front  bat  permit*  lava  lo  ipread  along  tbore  Photograph  by  j.  P Lockwood.  June  1974.  B.  Seaward  view  from  atop  aa  flow  m coated 
with  pahoehue  della  Manor  erosion  has  removed  chnkerv  lop  of  aa  Bow.  producing  small  cove  axlx  aird  on  figure  12.41,  which  a tends  to  right  of  this  vww.  Rod 
hammer  at  left  (circled)  o on  contact  between  flow*.  Pahoehoe  is  molded  around  underlying  cbnker*.  Photograph  by  J. P.  Lockwood.  June  1976. 
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Figure  12  4)  — Sraward  lank  of  HedietJuJw  Dari  loawd  aa  wipporn  6tmt  cfiu  foretl,  wfuir  p*boeW  la  cowed  by  uMw  tluckrti  and  more  widely  (paced  o*ua  Stereo  Inpld  prepared  from  pbolofr«p*u  55-57.  roll 

I2CC.  USDA  tenet  EKL.  1965 
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Fka.H(  12  44.  - Young  lava  fWm»  nrar  Napau.  frail  ut  rrupdon  inckalfd  ljir*r  red  dot  it  l4C  tamplmg  ulr.  wharf  ig«  al  Itm  than  200  yr  havr  brm  obtanwd  from  c harrrd  rooli  brnralh  low  Stereo  paw  prepared 

from  photograph*  142.  14).  roM  I ICC.  USDA  Kim  LKL.  I%5 
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vegetation  may  have  been  reestablished  quickly  along  the  coast. 
Kaliu,  Malama,  and  Honuaula  could  have  dammed  a flood  of  lava 
and  yet  permitted  some  tongues  to  flow  through  the  gaps  between 
them. 

The  most  recent  activity  in  Kapoho  Crater  (hg.  12.46)  is  of 
uncertain  age  but  probably  occurred  in  the  early  18th  century  or 
17th  century.  An  age  significantly  earlier  than  A.D.  1800  seems 
required  by  the  account  of  Ellis  (1827 X who  in  1823  recognized  the 
volcanic  nature  of  the  tuff  cone  and  questioned  local  residents  about 
its  last  eruption.  Though  tradition  described  it  as  a seat  of  vol- 
canism,  the  people  living  there  could  give  no  specific  information 
about  the  last  eruption,  which  suggests  that  it  had  occurred  long 
before.  There  had  certainly  been  enough  time  for  thick  vegetation  to 
grow,  because  Ellis  described  the  tuff  cone  as  “overhung  with  trees, 
and  clothed  with  herbage"  (Ellis,  1827,  p.  205-206X  On  the  other 
hand,  the  aa  flow  extending  cast  from  the  cone  (fig.  12.47)  is 
magnetized  (8B205)  in  a direction  similar  to  the  Observatory  flows, 
and  a ,4C  age  of  less  than  200  years  B.P.  (W-2970)  has  been 
obtained  from  charcoal  beneath  a thick  pyroclastic  layer  within  the 
cone.  Given  the  uncertainty  in  the  ,4C  and  paleomagnetic  ages,  a 
single  eruption  could  have  produced  both  the  flow  and  pyroclastics  a 
century  or  so  before  Ellis’  visit. 

The  morphologies  of  flows  and  vents  indicate  that  all  of  these 
latest  prehistoric  eruptions,  accept  for  those  of  Kokoolau  and 
Heiheiahulu,  and  perhaps  the  one  of  circa  1790,  had  high  dis- 
charges and  short  durations.  Though  the  flows  typically  octend 
several  kilometers  from  their  fissure  vents  and  terminate  as  aa  lobes, 
they  are  remarkably  free  of  mappable  lava  channels. 


ERUPTIONS  FROM  THE  SOUTHWEST  RIFT  ZONE 

The  18th  century  saw  frequent  and  sustained  eruptions  from 
the  southwest  rift  zone  as  well  as  the  east  rift  zone,  with  eruptions 
occurring  from  all  of  its  active  parts. 

Brief  eruptions  were  widespread  (fig.  12.5 B\  A vigorous  one 
from  the  northern  strand  produced  the  Cone  Peak  ramparts 
(8B745)  and  flows  that  attended  nearly  to  Kamakaia.  Subdued 
eruptions  near  the  end  of  the  same  strand  built  small  shields  and  lava 


pads  (9B84IX  similar  to  those  of  1868,  inland  from  Kamakaia; 
some  of  the  pads  overlap  the  Cone  Peak  aa  flow.  Vigorous  eruption 
from  the  central  strand  produced  Puu  Koae  and  other  spatter  cones 
and  aa  flows  attending  to  about  I km  from  Hilina  Pali. 

Another  brief  eruption  occurred  from  the  lower  segment  about 
1 . 3 km  east  of  Puu  Nahaha  and  600  m east  of  the  upper  end  of  the 
Keaiwa  flow  of  1823  (fig.  12.50  Lava  flows  from  this  eruption 
reached  the  sea  between  Kapaoo  Point  and  Waiwelawela  Point, 
rhey  are  more  weathered  than  the  overlying  Keaiwa  flow  and  have 

been  dated  by  l4C  at  about  200  years  B.P.  (W-3938,  W-4452X 
Fhe  Red  Cones  and  their  aa  flows,  which  also  overlie  these  flows, 
are  undated,  but  they  too  are  overlapped  by  the  Keaiwa  flow.  Both 
the  Red  Cones  and  the  earlier  unnamed  flows  probably  date  from 
the  18th  century.  Fheir  eruptive  fissures  appear  to  have  attended 
through  Yellow  Cone  from  the  southern  strand  of  the  upper  segment, 
but  they  cannot  be  traced  far  uprift  because  they  are  buried  by  other 
18th-century  lava  flows  of  sustained  eruptions. 

The  late  prehistoric  lava  commonly  termed  the  Kamooalii  flow 
(see  Steams,  1926)  consists  of  two  assemblages  of  similar  age  from 
different  strands  of  the  rift  zone.  A sustained  eruption  from  the 
central  strand  built  a lava  shield  at  FNiu  Kou  and  Kealaalea  Hills 
(fig.  I2.5BX  arid  a complex  flow  assemblage  extending  seaward 
across  the  Kau  Trail  and  past  the  west  side  of  F\iu  Ahi  (fig.  1 2. 50 
The  eastern  part  of  the  Kamooalii  flow  is  another  complex 
assemblage  fed  by  vents  of  the  southern  strand,  including  Kamakaia 
and  Kamakaiawaena  (fig.  I2.48X  Kamakaia  flows  overlap  those  of 
Kealaalea.  Magnetization  of  Kealaalea  (9B409)  and  Kamakaia 
(8B5I7)  flows  is  consistent  with  an  18th-century  age,  and  the 
Kealaalea  flows  have  been  dated  by  1 ^C  as  younger  than  200  years 
B.P.  (W-3937X  Both  flow  assemblages  probably  represent  sus- 
tained, unstable  eruptions  during  the  18th  century. 

Yellow  Cone  is  a small  kipuka  of  pyroclastic  material  protrud- 
ing through  the  flank  of  the  Kealaalea  shield  (fig.  I2.5BX  It  may 
predate  the  18th  century;  no  young  flows  have  been  found  seaward  of 
it  beneath  the  flows  of  Kealaalea.  While  the  lavas  of  Yellow  Cone, 
Red  Cones,  Kamakaia,  Kamakaiawaena,  and  Kamakaiauka  along 
the  southern  strand  of  the  southwest  rift  zone  all  have  differentiated 
compositions,  the  analyzed  flows  from  the  Great  Crack  and  central 
strand  of  the  upper  southwest  rift  do  not  (Wright  and  Fiske,  1 97 IX 


FkajHL  12.46  — Rapnbo  Cram.  Innkirw  northeast  from  distance  of  about  I bn  IVjtriKtaph  by  R.T.  Holcomb.  1977. 
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EXPLANATION 

HI  20th  century  tU  350  500  yr  B.P.  o Crater  r 
1 I 17th  century  t I >1500  yr  B.P. 


FlCURfc  12.47. — Vertical  vmv  of  Kapobo  Crater.  Tuff  coot  is  incomplete, 
poftteaimg  gap  on  its  eastern  side  through  which  duck  prehistoric  aa  flow  extends 
east  about  1.5  km  to  present  shoreline.  This  aa  flow  probably  was  erupted  during 
17th  century  and  sits  atop  pahoehoe  flows  that  have  direction  of  magnetization 
consistent  with  age  af  350-500  yr  B.P.  (pairs  of  small  red  dots,  paleomagnrtie 
sample  sites).  Both  flows  veneered  by  ash  distributed  around  tuff  cone,  suggesting 
that  pyroclastic*  postdate  Bows,  but  aa  flow  must  be  younger  than  cone  if  it  has 
extended  through  gap  in  cone,  and  sharp  break  in  slope  around  outer  base  af  cane 
suggests  that  cone  protrudes  through  pahoehoe  flows  and  predates  them  at  well.  A 


l4C  age  of  less  than  200  yr  B.P.  was  obtained  from  charred  log  beneath  ash  on 
interior  slope  of  tuff  cone  (large  red  dot)  Both  a a flow  and  its  ash  vroerr  may  have 
been  erupted  during  1 7th  century  from  chain  of  craters  within  cone,  while  bull  of 
cone  is  older  than  pahoehoe  flows.  Crater  contammg  (ireen  1 -akr  is  (hackly  rimmed 
by  ash.  Ellis  (1027,  p 206)  described  within  Kapnho  Crater  "a  smaller  circle  of 
hills,  equaly  verdant,  and  ornamented  with  trees"  that  may  have  comprised  an 
■user  tuff  ring  (not  now  definable  as  morphologic  feature,  possibly  destroyed  by 
quarrying)  Aa  flow  and  young  ash  deposits  around  chain  of  craters  may  be 
products  of  single  eruption. 


The  compositions  of  the  18th-century  flows  beneath  Red  Cones,  and 
of  flows  from  other  seaward  vents  such  as  the  Lava  Plastered  Cones, 
are  not  known. 

In  summary,  the  latest  prehistoric  interval  saw  from  the  north- 
ern strand  of  the  upper  southwest  rift  zone  a brief  but  vigorous 
eruption  at  Cone  Peak  followed  by  brief,  less  vigorous  eruptions 
farther  downrift.  The  central  strand  saw  brief,  vigorous  eruption  at 
Puu  Koae  and  sustained,  unstable  eruption  at  Kealaalea,  with  their 
sequence  not  yet  known.  The  southern  strand  saw  a vigorous  brief 
eruption  east  of  F\iu  Nahaha  followed  by  a smaller  eruption  of  Red 
Cones  and  sustained  eruption  at  Kamakaia  farther  uprift. 

THE  MODERN  CALDERA 

The  age  of  the  modem  caldera  and  the  timing  of  collapse  with 
respect  to  the  explosive  eruption  of  A.D.  1790  arc  not  yet  known. 
There  still  remains  much  room  for  alternative  sequences  and  mecha- 
nisms. 

Much — maybe  all — of  the  collapse  preceded  the  explosive 
eruption,  because  all  of  the  1790  ash  now  exposed  is  draped 


unbroken  across  the  modem  caldera  faults  surrounding  the  inner  sink 
(Christiansen,  I979)i  Within  the  sink,  the  so-called  sand  spit 
between  Kranakakoi  and  Halemaumau  and  the  deeply  subsided 
blocks  adjacent  to  Uwekahuna  Bluff  and  Waldron  Ledge  also  are 
draped  by  the  ash.  However,  higher  caldera  walls  in  several  places 
lack  ashy  plaster  and  may  have  seen  local  collapse  following  ash 
deposition.  It  remains  possible  that  most  of  the  collapse  occurred 
only  a short  time  (hours  or  days)  before  the  onset  of  explosive 
eruption.  It  also  remains  possible  that  much  collapse  occurred  within 
the  inner  sink  during,  or  even  following,  the  explosive  eruption 
without  continued  displacement  along  the  outer  caldera  structures. 

Alternatively,  the  inner  sink  could  have  reached  essentially  its 
present  diameter  sometime  earlier  than  1 790.  Incipient  smaller  scale 
collapse  probably  did  begin  earlier,  with  alternating  nsc  and  fall  of 
the  magma  column.  Many  dikes  and  other  intrusive  bodies  are 
exposed  along  the  north  wall  of  the  modem  caldera  (Powers.  1916); 
those  nsing  high  through  the  stratigraphic  section  must  postdate  the 
Observatory  vent  (Casadevall  and  Dzurisin,  chapter  14).  Some 
dikes  appear  to  follow  structures  hounding  the  inner  sink  of  the 
modem  caldera:  Some  occurrences  thought  by  Powers  to  be  intro- 
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Fkajke  12.48  Kuiukiu  HilU.  Red  tint  indir^n  ipprotnulr  viewpoint  foe  figure  12.17.  Stereo  triplet  prepared  from  framer  41-43,  roll  5CC.  USDA  »mer  EKL,  1965. 
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sions  within  the  truncated  stratigraphic  section  are  actually  veneer  a 
few  meters  thick  adhering  to  the  caldera  wall  (fig.  12.49).  These 
probably  are  remnants  of  dikes  intruded  along  older  fissures  con- 
centric to  the  Observatory  vent.  Some  thinner  dikes  seem  to  extend 
irregularly  into  the  wall  away  from  these  thicker  concentric  dikes 
instead  of  rising  vertically  through  fissures  radial  to  the  caldera.  The 
concentric  fissures  may  have  formed  when  the  magma  column 
subsided  to  produce  an  enlarged  Observatory  pit  like  Halemaumau. 
and  dikes  may  have  been  intruded  along  these  fissures  later  when  the 
magma  column  rose  again.  The  column  could  have  oscillated  several 
times,  and  successive  collapses  could  have  enlarged  the  sink  to  nearly 
its  present  size  long  before  the  climactic  explosive  eruption  in  1 790. 
(It  was  suggested  by  de  St.  Ours,  1979,  that  multiple  collapses 
occurred  at  different  centers;  see  also,  de  St.  Ours,  1982.)  An 


Figure  12.49. — FVl  al  north  caldera  wall  of  Kilauea,  *ho%*ing  light  toned 
rectangular  rock  body  that  FWer»  (1916)  mterprefed  as  sall-lslcr  intrusion  project 
mg  into  cltfl  face.  Close  inspection  has  shown  instead  that  it  adheres  like  plaster  on 
cliff  face.  Cfiff  and  trees  on  its  run  are  1 20  m and  1 0 m high,  respectively.  Steam  in 
foreground  rues  through  lava  flows  of  1919.  Photograph  by  J.D  Griggs.  May 

1979. 


active  lava  lake  may  have  been  present  much  of  the  time  in  this  sink; 
reticuiite  at  the  base  of  the  Keanakakoi  Ash  Member  shows  that 
high  lava  fountains  occurred  near  the  summit  sometime  before  the 
1790  explosions  (Decker  and  Christiansen,  1984)  A hypothetical 
sequence  showing  the  enlargement  of  an  Observatory  firepit  followed 
by  a larger  scale  collapse  to  form  the  present  inner  caldera  sink  is 
sketched  in  figure  12.30.  This  sequence  was  drawn  assuming  a 
17th-century  age  for  the  Observatory  flows,  but  other  ages  and 
other  sequences  are  possible. 

Stratigraphic  constraints  on  the  age  of  the  northwest  part  of  the 
inner  caldera  sink  turn  largely  on  the  age  of  the  Observatory  lava 
shield.  Much  of  the  caldera  here  must  have  developed  after  the 
Observatory  shield  ceased  to  grow,  because  much  of  the  shield  was 
engulfed  by  the  collapse  of  the  inner  sink.  If  the  Observatory  flows 
do  date  from  the  1 7th  century,  they  constrain  caldera  development  to 
the  late  1 7th  century  and  18th  century.  But  if  the  Observatory  flows 
are  older  than  700  years,  the  caldera  could  have  begun  to  grow  long 
before  the  18th  century. 

Neither  is  the  age  of  caldera  formation  well  constrained  to  the 
south.  A few  eruptions  from  fissures  concentric  to  the  caldera 
probably  occurred  after  extensive  collapse  in  the  summit  region.  One 
flow  from  a concentric  fissure  southwest  of  the  caldera  and  having 
18th-century  magnetization  (8B757)  occurs  between  layers  of  the 
Keanakakoi  Ash  Member  and  must  date  from  1790.  Others 
predate  the  ash  by  unknown  amounts;  magnetization  of  one  (8B769) 
south-southwest  of  the  caldera  implies  that  it  could  date  from  the 
17th  century,  but  its  large  within-site  dispersion  (4.7°)  permits  it  to 
be  a century  younger.  An  aa  flow  east  of  the  Ahua  Kamokukolau 
tn angulation  station  was  probably  fed  by  a concentric  vent  south  of 
Keanakakoi;  as  discussed  earlier,  the  east  side  of  this  flow  is 
overlapped  by  pahoehoe  probably  from  Kokoolau.  Two  of  these 
flows  from  caldera-concentric  vents  were  deflected  by  preousting 
Koae  fault  scarps  and  then  broken  by  recurrent  displacements  on 
those  scarps. 

PIT  CRATERS  OF  THE  UPPER  EAST  RIFT  ZONE 

Subsidence  and  dilation  of  both  rift  zones  also  occurred  during 
the  past  few  centuries,  but  the  timing  of  these  events  with  respect  to 
summit  collapse  is  not  yet  known.  Especially  prominent  are  several 
pit  craters  of  the  upper  east  rift  zone.  Some  craters  probably 
collapsed  in  the  18th  century,  though  a few  show  signs  of  complex 
development  that  began  earlier.  Makaopuhi  and  Alae  illustrate  the 
complexity  especially  well. 

The  coarse  ejecta  exposed  in  the  wall  of  Makaopuhi  (fig. 
12.280  indicate  that  an  earlier  pit  existed  at  or  near  the  site  of  the 
present  one.  The  present  crater  consists  of  two  parts  indenting  the 
flank  of  Kane  Nui  o Hamo  (figs.  12.51,  12.52;  see  Aramaki  and 
Moore,  1969,  fig.  7).  The  eastern  pit  may  be  older  than  500  years; 
it  was  partly  filled  by  a thick  lava  lake  followed  by  four  thinner  flows 
(Stone.  1925).  The  lowermost  of  these  flows  sent  dikes  down  into 
columnar  joints  of  the  lake  far  enough  to  suggest  that  the  lake  cooled 
for  at  least  a few  decades  before  it  was  covered  (Moore  and  Evans, 
1967)  The  uppermost  flow  may  have  been  erupted  from  the 
southwest  crater  wall;  its  surface  slopes  slightly  (0.3°)  away  from 
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FlCURC  12.30. — Cross  sections  showing  possible  developmental  sequence  for  Uwetahuna  Bluff,  assuming  that  Observatory  shield  ceased  to  grow  during  17th  century.  Line 
of  profile  shown  on  figure  12.36.  A.  About  1 .500  years  ago.  Powers  caldera  mantled  by  Uwckahuna  Ash  Member.  Profile  of  modern  caldera  shown  for  comparison-  B. 
About  300  years  ago.  Powers  caldera  Mled  by  flows  of  three  successive  groups  (Casadeval  and  Dzunssn,  chapter  131  Lower  611  broken  by  differential  thermal 
contraction  above  buried  fault  scarps.  Dikes  and  sills  surround  magma  coiiaim  beneath  Observatory  lava  shield,  and  dikes  intrude  along  some  peripheral  caldera  faults 
C.  About  275  years  ago.  Drainage  of  magma  has  produced  enlarged  hrepit.  Continued  contraction  of  caldera  fill  has  broken  surhaal  lava  flows,  forming  km-  scarps 
above  buried  faults.  D,  About  250  years  ago.  Magma  has  risen  again  into  hrepit  and  has  fed  dikes  along  fractures  around  pit.  £.  About  200  years  ago.  Inner  sink 
rejuvenated  by  caldera  collapse,  and  dike  remnants  adhere  to  its  wall.  F,  Present  tone.  Modern  caldera  mantled  by  Keanakakot  Ash  Member  and  partially  Ulrd  by 
historical  lava  flows. 


lava  drapery  and  spatter  along  a fissure  in  the  wall.  Lava  also  issued 
from  a fissure  on  the  crater  floor  to  form  small  pads  atop  the  upper 
flow.  Another  collapse  then  produced  a western  pit  with  the  older 
crater  fill  forming  a mezzanine  on  its  eastern  side.  The  age  of  the 
western  pit  is  not  known;  though  it  is  prehistoric,  it  must  be  fairly 
young.  Vegetation  on  the  earlier  mezzanine  is  similar  to  that 
developed  elsewhere  on  lava  flows  of  the  18th  century. 

Alae  also  was  a compound  crater  (figs.  12.53,  I2.54)l  It 
appears  on  aerial  photographs  that  the  older  pit  postdates  Puu 
Huluhulu  and  the  flows  of  Keauhou;  it  may  therefore  be  younger 
than  350  years.  The  crater  was  partly  filled  by  a lava  lake  capped 
by  thinner  flows,  and  then  a new  collapse  formed  an  inner  pit 
bordered  by  a western  mezzanine.  Phreatic  explosions  from  the 
inner  pit  deposited  a layer  of  lapilli  1 5 cm  thick  on  the  crater  rim  and 
ejected  blocks  up  to  I m in  diameter,  some  of  them  to  nearly  I km 


west  of  the  crater  (Steams  and  Clark,  1930,  p.  I43)i  The  debris 
was  partly  covered  by  lava  that  ortruded  from  a fissure  on  the 
northwest  nm  and  flowed  into  the  crater.  This  lava  was  overlaid  by 
additional  ejecta,  possibly  from  the  caldera  eruption  of  1790,  which 
in  turn  was  overlapped  by  more  lava  in  1 840  that  flowed  across  the 
mezzanine  into  the  inner  pit.  On  aerial  photographs,  the  vegetation 
on  a part  of  Alae  mezzanine  appears  similar  to  that  of  18th-century 
flows  elsewhere,  but  this  cannot  be  confirmed;  the  inner  pit  was 
floored  by  a new  lava  lake  in  1963  (Peck  and  others,  1966)  and  the 
entire  crater  was  buried  in  1969-71  (Swanson  and  others,  1972) 
Pauahi  and  Hiiaka  are  compound  craters  too  (figs.  12.55, 
12.56)  Before  it  was  buried  in  1973,  a small  lava  lake  in  the  central 
pit  of  Pauahi  supported  vegetation  typical  of  18th-century  age,  while 
the  lightly  vegetated  walls  of  the  west  pit  appeared  fresher.  The 
outer  compartment  of  Hiiaka  is  a sag  instead  of  a sharp-rimmed 
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FlG URL  12.52. — Crow  lection  of  Makaopufu  Crater,  along  longer  red  hoe  of  figure  12.51 . Abo  shown  are  inferred  precoflapse  profile  (dashed  lute)  along  this  section,  and 
present  profile  (solid  loir)  across  crater  of  Kane  Nui  o Hamo  lava  shield  800  m to  the  north  (shorter  red  line  of  figure  12.51)  Thick  vertical  lines  are  (Uses  that  fed 
prehistoric  lava  pad  on  mruamne  (east,  see  fig.  12.51)  eruptions  of  1922  and  1965  (west)  and  eruption  on  mezzanine  in  August  1972  (center)  Dike  of  1972  is  shown  as 
rootless  because  it  was  probably  fed  laterally  by  Mauna  Ulu  lava  ponded  m west  pit  (Tilling  and  others,  chapter  16) 


crater  (figs.  12.55,  12.56)  Steams  and  Clark  (1930,  p.  128) 
attributed  the  sagging  to  subsidence  of  an  intact  block  preceding 
collapse  of  the  inner  pit,  but  other  interpretations  are  possible.  In  the 
alternative  shown  in  figure  12.56,  the  sag  developed  by  thermal 
contraction  of  lava  filling  a buried  craler,  similar  to  the  sag  now- 
developed  at  Alae.  A buried  crater  of  this  sort  could  be  a source  of 
tephra  now  exposed  in  the  wall  of  Pauahi  (fig.  12.27) 

The  complex  histories  of  several  pit  craters,  and  the  coarse 
ejecta  oeposed  in  the  walls  of  some,  indicate  that  they  have  long  been 


sites  of  repeated  collapse  and  phreatic  explosion.  Nodes  in  the 
plumbing  system  may  occur  at  these  places,  developed  where  Koae 
faults  intersect  the  rift  zone.  Such  nodes  could  form  reservoirs  for 
producing  differentiated  and  hybrid  magmas  along  the  rift  zone 
(Wright  and  Fiske,  1971;  Swanson  and  others,  1976b,  p.  28), 
Though  they  are  prehistoric,  several  of  the  simple  craters  and 
younger  pits  of  the  compound  craters  must  be  very  young.  They 
could  have  formed  at  the  same  time  as  a caldera  collapse  in  or  before 
1 790,  all  of  them  resulting  from  one  drainage  event  lower  along  the 
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Figure  12.54. — Cross  section  of  Mauna  Ulu  and  burred  Alae  Crater,  along  line  shown  on  figure  12.53.  Dashed  bnes  *bow  profiles  before  crater  formation  on  Mauna  UK* 
and  sagging  of  lava  shield  above  Alae  Cralrr  Thick  vertical  line  represents  dike  that  fed  Mauna  Ulu.  Hiatus  and  >ellow  tephra  layer  correlative  with  Uwekahuna  Ash 
Member  are  inferred  from  their  known  occurrence  in  Makaopuhi  C rater  to  east  and  Pauahi  Cralrr  to  west.  'Ilun  layers  of  prrhistonc  ejecta  and  lava  on  nm  of  Alae  are 
inferred  from  description  by  Steams  and  Clark  (1930):  their  thickness  11  exaggerated  in  this  illustration. 
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cast  rift  zone,  but  this  has  not  been  proved.  Similar  pits  may  form  in 
the  future,  especially  near  sites  of  sustained  eruption  such  as  Mauna 
Ulu  and  Puu  Oo. 

SUMMIT  ERUPTION  OF  A.D.  1790 

Except  for  thin  deposits  of  older  and  younger  basaltic  pumice 
at  its  base  and  top,  the  Kranakakoi  Ash  Member  was  produced  by 
a series  of  explosions  in  1790  (Decker  and  Christiansen.  1984). 
This  eruption  was  still  remembered  well  when  Europeans  first 
visited  Kilauea  in  1823,  and  it  was  notable  for  wiping  out  a 
detachment  of  Keoua's  Puna  army  (Swanson  and  Christiansen, 
1973X  Deposited  in  quick  succession  were  well-sorted  vitric  ash, 
less  well  sorted  lithic-vitric  ash,  a local  lava  flow  from  a circumferen- 
tial fissure,  and  poorly  sorted  lithic  ash  and  blocks.  Hawaiian 
accounts  suggest  that  the  main  explosive  phase  continued  for  two  or 
three  days.  The  explosions  were  probably  caused  by  rapid  lowering 
of  the  summit  magma  column  and  entrance  of  subsurface  water  into 
the  emptying  magma  conduits.  Lowering  of  the  magma  column  may 


have  been  associated  with  the  voluminous  eruptions  of  circa  1790 
low  on  the  subaerial  east  rift  zone,  but  the  relative  liming  of  the 
summit  and  rift  events  has  not  been  established. 

It  appears  that  the  two  most  recent  episodes  of  large  caldera 
collapse  and  ash  eruption  were  separated  in  time  by  about  1 , 300 
years.  Several  smaller  collapses  and  explosive  eruptions  could  have 
occurred  between  them  but  have  not  yet  been  recognized. 


AFTERMATH  OF  THE  1790  ERUPTION 

More  than  30  years  passed  between  the  eruption  of  1 790  and 
Ellis’  visit  in  1823.  Little  is  known  about  this  interval,  but  at  some 
point  eruptive  activity  had  resumed  at  the  summit,  within  the  inner 
sink  of  the  modem  caldera.  During  this  interval,  lava  fountains 
probably  produced  the  golden  pumice  at  the  top  of  the  Kranakakoi 
Ash  Member  (Sharp  and  others,  chapter  1 5).  By  the  tune  of  Ellis 
visit,  the  inner  sink  had  filled  with  lava  to  within  160  m of  the 
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Fk.UKI.  12.56. — Cross  section  through  Pauahi.  Huaka.  and  unnamed  spotter  cone  near  Devils  Throat,  along  red  Imr  shown  in  figure  12.55.  Ash  and  hiatus  exposed  in  west 
wall  of  Pauahi  have  not  been  found  m I Inaka.  where  thry  are  inferred  to  be  hidden  Iwhmd  crater  fall.  Hiiaka  is  interpreted  here  as  complex  crater  formed  by  two  collapses, 
with  earlier  crater  rim  buried  by  prehistoric  lava  flows  that  sagged  from  thermal  contraction  This  has  not  been  proved,  however;  other  interpretations  are  possible.  Ash 
and  debris  exposed  in  west  wall  of  Pauahi  may  consist  portly  of  Uwrkahuna  Ash  Member  ejected  from  Powers  caldera,  and  partly  of  material  ejected  from  local  source 
such  os  older  craler  of  Huaka  Dashed  lines  show  profiles  before  sagging  and  collapse.  Thick  vertical  lines  represent  dikes  that  fed  younger  Lava  flows. 
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northern  rim,  and  then  subsided  again  to  leave  a congealed  terrace 
called  the  Black  Ledge.  This  subsidence  probably  occurred  during 
the  southwest  rift  eruption  of  1823,  shortly  before  Ellis’  visit.  No 
other  flank  eruptions  have  been  definitely  tied  to  this  interval,  though 
some  of  the  18th-century  flows  may  have  been  erupted  then.  Ellis’ 
Hawaiian  guides  told  him  that  several  places  had  been  overflowed  by 
lava  since  the  aplosions  of  1 790.  Other  activity  had  occurred  too, 
including  a memorable  earthquake  and  ground  cracking  at  Kaimu. 

HAWAIIAN  TRADITIONS 

Much  of  the  Polynesian  oral  history  has  been  lost,  and  many 
surviving  fragments  are  contradictory,  ambiguous,  or  unspecific. 
Some  accounts  still  preserved,  however,  provide  provocative  com- 
parisons with  geologic  information. 

ELLIS’  GENERAL  ACCOUNT 

The  most  authoritative  summary  was  recorded  in  1 823  by  Ellis 
(1827,  p.  171-172)  on  the  caldera  rim.  This  history  was  given  by 
Ellis'  Hawaiian  guides,  according  to  whom  Kilauea 

had  been  burning  from  lane  immemorial,  or.  to  use  tbor  own  words,  ‘mil  ka  po  nut,' 
from  chaos  til  now.  * * * and  bad  overflowed  some  part  of  the  country  during  the 
reign  of  every  lung  thal  had  governed  Hawaii:  that  in  earlier  ago  it  used  to  boil  up. 
overflow  its  banks,  and  inundate  the  *d}*c«nt  country — but  that,  foe  many  kings' 
ragm  past,  it  had  kept  below  the  level  of  the  surrounding  plain,  continually  attending 
its  surface  and  uscreaung  its  depth,  and  occasionally  throwing  up,  with  nolenl 
explosion,  huge  rocks  or  red-hot  stones.  These  eruptions,  they  said,  were  always 
accompanied  by  dreadful  earthquake*,  loud  claps  of  thunder,  with  vmd  and  quick- 
succeeding  lightning.  No  great  explosion.  they  added,  had  taken  place  since  the  days 
of  Kroua  [ 1 790);  but  many  places  near  the  sea  had  since  been  overflowed,  on  which 
occasions  they  supposed  We  went  by  a road  underground  from  her  home  in  the 
crater  to  the  shore. 

Confirm  all  on  of  the  story  was  provided  to  Ellis  (1827,  p.  194)  a few 
days  later  at  Kaimu,  along  the  southern  coast  of  Puna,  where 

the  evenings  we  spent  with  the  people  of  the  place  in  conversation  on  various  subjects, 
but  principally  respecting  the  volcano  whkh  we  had  recently  visited.  They  corrobo- 
rated the  accounts  we  had  before  heard,  by  tdlsng  us  it  had  been  burning  from  tune 
immemorial,  and  added,  that  eruption*  from  it  had  taken  place  during  every  lungs 
mgr.  whose  name  was  preserved  m tradition,  or  song,  from  Akea.  first  kmg  of  the 
island,  dawn  to  the  present  monarch. 

This  account  is  especially  valuable  because  it  is  the  earliest  one 
known  and  was  taken  from  local  informants  at  Kilauea.  As  a result, 
it  is  the  one  least  likely  to  have  been  distorted  by  distance,  time,  or 
Western  preconceptions.  But  much  uncertainty  remains  in  its  inter- 
pretation. It  is  difficult  to  say  bow  much  of  it  is  a simple  summary  of 
witnessed  events  and  how  much  is  interpretation  by  Ellis  of  what  was 
said  to  him  or  by  Hawaiiam  of  phenomena  observed  by  them. 

Especially  troublesome  is  the  possibility  of  Hawaiian  inter- 
pretation, because  evidence  indicates  that  other  traditions  do  include 
geologic  inferences  from  the  natural  record.  The  Hawaiian  account 
of  Fries  successive  homes  agrees  well  with  the  progression  of  island 
volcamsm.  even  though  the  sequence  could  not  have  been  witnessed 
directly.  Unless  the  agreement  between  fact  and  legend  is  coinciden- 
tal, the  legend  must  rest  on  inferences  from  nature  by  Hawaiians.  If 
traditions  could  include  inferences  about  the  history  of  the  archi- 
pelago they  could  also  include  inferences  about  the  history  of 
Kilauea. 


Despite  this  uncertainty,  however,  Ellis’  acount  merits  serious 
consideration.  Hawaiians  were  probably  living  on  Kilauea 
throughout  the  miUenium  in  which  most  surficial  lava  flows  were 
erupted,  and  they  should  have  seen  the  eruptions.  Widespread 
consistency  in  genealogies  suggest  that  oral  traditions  can  be  very 
precise.  It  is  worthwhile  to  compare  Ellis’  account  with  modem 
information. 

Agreement  between  tradition  and  geologic  information  appears 
generally  to  be  good.  Tradition  agrees  well  with  the  other  evidence 
in  stating  that  Kilauea  had  been  active  for  a long  time,  had  had 
frequent  eruptions,  had  undergone  a change  in  behavior  from 
frequent  overflows  to  summit  confinement,  and  had  had  explosive 
eruptions. 

Ellis’  account  is  more  specific  than  the  other  evidence  in  at  least 
four  ways.  First,  Ellis  states  that  eruptions  were  so  frequent  as  to 
occur  during  every  kings  reign,  while  the  geologic  record  could 
permit  dormant  intervals  of  several  decades  or  more.  Second,  Ellis 
says  that  the  caldera  developed  gradually  over  some  extended 
interval,  while  the  geologic  record  permits  sudden  caldera  develop- 
ment shortly  before  the  explosive  eruption  of  1 790.  Third,  Ellis  says 
that  explosive  eruptions  had  occurred  more  than  once  and  at 
intervals , while  the  geologic  information  requires  no  explosive  erup- 
tions between  those  of  the  Uwekahuna  Ash  Member  (probably  pre- 
Polynesian)  and  the  Keanakakoi  Ash  Member  in  A.D.  1790 
(Christiansen,  1979)  Fourth,  Ellis'  account  states  that  many  coastal 
areas  (on  more  than  one  occasion?)  had  been  overflowed  by  lava 
since  1790,  while  the  geologic  evidence  requires  no  such  eruptions 
between  1 790  and  1823.  (Several  flows  in  Puna  and  a few  along  the 
southwest  rift  zone  could  date  from  this  interval,  but  the  evidence 
available  also  permits  them  to  be  older. ) 

There  are  no  definite  contradictions  between  Ellis’  account  and 
currently  available  geologic  evidence,  but  potential  conflicts  exist, 
especially  in  regard  to  the  timing  of  the  last  summit  overflows.  While 
I the  tradition  states  explicitly  that  the  summit  had  not  overflowed  “for 
many  kings’  reigns  past,”  the  paleomagnetic  evidence  indicates  that 
such  overflows  had  occurred  as  recently  as  the  1 7th  century  or  even 
the  early  18th  century,  within  100-150  years  of  EJIu  visit.  This 
seems  a rather  short  interval  to  include  the  reigns  of  many  kings,  and 
in  fact  Kalakaua's  (1888,  p.  31)  history  lists  the  reigns  of  only  five 
kings  of  Hawaii  between  A.D.  1685  and  1824.  Despite  this 
potential  disagreement  and  the  uncertain  derivation  of  Ellis’  account, 
however,  there  are  few  concrete  reasons  to  doubt  the  veracity  of  the 
tradition,  and  it  appears  to  have  potential  value  in  supplying 
information  not  yet  available  from  other  kinds  of  evidence. 


WESTERVELT’S  EMBELLISHMENTS 

Other  traditions  seem  less  reliable.  Some  cited  by  Westervclt 
(1916)  give  many  details  not  included  in  Ellis'  account.  For  exam- 
ple, Westervelt  describes  specific  changes  in  the  focus  of  summit 
eruptions,  and  particular  explosive  eruptions,  not  mentioned  by 
Ellis.  According  to  Westervelt  (1916,  p.  1-3): 

When  Pdt  came  to  tlvr  island  Hawaii,  seeking  a permanent  home,  ihe  found  another 
god  of  fire  already  in  possession  of  the  territory.  Al  Uau  was  known  and  feared  by  aO 
the  people.  /ti  means  "the  one  who  eats  or  devours.’  !xtc*i  means  ‘tree*  or  a 'foent 
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Ai-laau  wu,  therefore,  the  fare -god  devouring  forest*.  Tune  wad  again  he  laid  the 
district*  of  south  Hawaii  desolate  by  the  lava  he  poured  out  from  ho  fare-pits. 

He  herd,  the  legends  say,  for  a long  time  m a very  ancient  part  of  Kilauea,  on  the 
Urge  island  of  Hawaii,  now  separated  by  a narrow  ledge  from  die  great  crater  and 
called  Kilauea  - iki  ( Little  Kilauea}  This  teems  to  be  tbe  first  and  greatest  of  a number 
of  craters  extending  in  a line  front  the  great  lake  of  fare  in  Kilauea  to  the  seacoait  many 
miles  away  * * 

After  a time,  Ai-laau  left  these  pit  craters  and  went  into  the  great  crater  and  was  said 
to  be  living  there  when  We  came  to  the  seashore  far  below. 

In  one  of  the  FNde  stories  is  the  fotfowing  literal  translation  of  the  account  of  her  taking 
Kilauea: 

’When  FVIe  came  to  the  aland  Hawaii,  she  first  stopped  at  a place  called  Ke-aht-a- 
laka  in  the  district  of  Pkma.  From  this  place  she  began  her  inland  journey  toward  the 
mountains.  As  she  passed  on  her  way  there  grew  within  her  an  intense  desire  to  go  at 
once  and  see  Ai-Uau.  the  god  to  whom  Kilauea  belonged,  and  find  a resting  place 
with  him  as  the  end  of  her  journey.  She  came  up,  but  Ai-laau  was  not  m hu  borne.  Of 
a truth  he  had  made  himself  thoroughly  lost.  He  had  vanished  because  he  knew  that 
this  one  coming  toward  ham  was  Prlc.  He  had  seen  her  toiling  down  by  the  sea  at  Kr- 
ahi-a-laka.  Tresnbhng  dread  and  heavy  fear  overpowered  him.  He  ran  away  and  was 
entirely  lost.  When  We  came  to  that  pst  she  laid  out  the  plan  for  her  abiding  home, 
beguiling  at  once  to  <fcg  up  the  foundations.  She  dug  day  and  night  and  found  that  this 
place  fulfilled  all  her  desires.  Therefore,  she  fastened  herself  tight  to  Hawaii  for  all 
time’ 

Elsewhere  in  this  book,  after  quoting  Ellis’  account  presented 
above,  Westerveh  (1916,  p.  191-192)  stales  that 

When  the  crater  was  'botbng  up.  overflowing  its  banks,  and  inundating  the  adjacent 
territory.'  as  the  natives  said,  it  poured  out  lava  which  became  sohd  rock.  As  it  went 
westward,  the  character  of  its  overflow  changed,  becoming  explosive,  burling  out 
cinders  and  ashes  instead  of  boiling  lava,  to  that  all  the  land,  especially  toward  the 
south  and  west,  is  covered  with  volcanic  ash. 

Westervelts  account  can  be  interpreted  in  many  ways,  one  of 
which  is  the  following:  Long  ago  much  of  Kilauea  was  forested 
(because  of  a hiatus  in  summit  overflows ?\  but  then  frequent 
overflows  from  the  summit  destroyed  more  and  more  of  tbe  forest. 
For  a long  time  the  eruptions  were  focused  in  tbe  vicinity  of  Kilauea 
Iki,  but  eventually  tbe  site  of  eruption  shifted  to  the  west,  somewhere 
within  the  perimeter  of  the  present  caldera.  Eventually  a series  of 
eruptions  occurred  along  the  cast  rift  zone,  the  site  of  eruption 
progressing  uprift  from  the  coast.  As  these  eruptions  occurred,  the 
summit  was  shaken  by  tremors  and  a summit  pool  of  lava  drained 
away,  leaving  behind  an  empty,  growing  crater.  Following  a series  of 
explosive  eruptions,  lava  returned  to  the  enlarged  crater,  which 
became  a new  site  of  long-sustained  activity. 

This  account  is  highly  provocative,  and  it  is  tempting  to  relate 
particular  events  of  the  tradition  to  events  inferred  from  geologic 
evidence.  However,  this  would  be  dangerous  because  the  reliability 
of  Westervelts  account  is  highly  uncertain,  for  several  reasons. 

First,  Westervelt  cites  no  sources,  though  comments  elsewhere 
in  his  book  suggest  that  he  had  consulted  Hawaii  an -language 
newpapers  of  the  late  19th  century  in  Honolulu.  With  the  sources 
unknown,  there  is  no  way  to  judge  their  reliability. 

It  appears  that  some  material  is  Westervelt  s own  synthesis  of 
several  different  accounts,  and  there  is  a strong  possibility  that  his 
own  preconceptions  were  incorporated.  For  example,  the  westward 
shift  in  the  focus  of  summit  volcanism  may  not  have  come  from 
tradition  but  from  his  own  understanding  of  summit  events.  A few 


decades  earlier  Dutton  ( 1 884,  p.  121)  had  used  geologic  evidence  to 
infer  such  a shift  of  the  eruptive  focus. 

Westervelts  accounts  could  have  been  earlier  degraded  by 
Hawaiian  storytellers,  especially  if  his  sources  were  newspaper 
accounts  from  the  late  19th  century  in  Honolulu,  a time  and  locale 
far  removed  from  the  Kilauea  of  pre- Western  influence.  During  the 
disintegration  of  Polynesian  society  following  Captain  Cooks 
arrival,  an  apparently  well-preserved  oral  history  was  adulterated 
and  partly  lost.  It  is  possible,  for  example,  that  the  westward  shift  in 
eruptive  activity  really  was  mentioned  by  Westervelts  sources,  but 
that  these  sources  themselves  were  influenced  by  Duttons  interpreta- 
tion. 

Finally,  Westervelts  account  is  inconsistent  with  traditions 
given  elsewhere.  Other  sources,  for  example,  describe  FWes  arrival 
in  very  different  ways  and  make  no  mention  at  all  of  Ai-laau.  Until 
the  ancestry  of  Westervelts  account  can  be  established  and  evalu- 
ated, it  can  be  given  little  credence.  This  is  also  true  of  many  other 
provocative  traditions. 

SOME  OTHER  TRADITIONS 

Though  specific  details  of  most  traditions  cannot  be  taken  as 
literal  truth,  some  traditions  probably  allude  to  real  eruptions, 
especially  those  traditions  Ellis  recorded  as  associated  with  specific 
lava  flows.  Examples  are  the  late  prehistoric  Keauhou  flows  west  of 
Keaiakomo  (associated  with  a legendary  conflict  between  Pele  and 
Kamapua'a;  Ellis,  I827,p.  183X  the  vent  and  flows  of  Kaholua  o 
Kahawali  (tied  to  the  legend  of  Kahawali;  Ellis,  1827,  p. 
207- 2 1 OX  and  a flow  formerly  forming  Cape  Kumukahi  (associated 
with  Peles  rejection  by  the  FVina  Chief  Kumu-kahi;  Westerveh, 
1916,  p 2 7 —28).  Some  traditions  stale  a time  in  history  for  a 
particular  lava  flow,  for  example,  that  Peles  action  occurred  during 
the  reign  of  a particular  king  whose  dates  have  been  inferred  from 
well-kept  genealogies.  Such  statements  could  provide  especially 
valuable  checks  on  the  geologic  evidence,  but  even  here  confusion 
can  arise. 

An  ecampie  of  possible  contradition  in  the  most  authentic 
traditions  concerns  the  age  of  F\tu  Huluhulu  (fig.  I2.57X  which 
paleomagnetK  evidence  suggests  is  350  to  500  years  (9B9I3X 
Seaward  of  F\iu  Huluhulu  and  of  similar  age  are  the  Keauhou  lava 
flows.  Ellis  (1827,  p.  183)  notes  this  flood  of  lava  as  dating  from 
Peles  struggle  with  Kamapua'a,  which  Kalakaua  (1888,  p.  140) 
attributes  approximately  to  the  year  A.D.  1200  in  the  reign  of 
Kamaiole.  But  Ellis’  comments  elsewhere  (p.  182)  suggest  a 
different  age  for  Puu  Huluhulu: 

Within  a frw  miles  of  Kiraura.  we  passed  three  or  four  high  and  extinct  craters.  One 
of  them.  Kranakakoi.  the  natives  (old  us,  sent  forth,  m the  days  at  Riroa.  king  at 
Hawaii  about  fourteen  generations  back,  most  at  tbe  lava  over  which  we  were 
traveling.  The  sides  at  these  craters  were  generally  covered  with  verdure,  while  the 
brown  irregular-shaped  rocks  on  their  indented  summits  frowned  like  the  battlements 
at  an  ancient  castle  in  ruin* 

llic  cralcr  of  Liloas  reign  cannot  be  the  pit  now  known  as 
Keanakakoi  because  Ellis  (1827,  p.  179)  had  earlier  clearly  stated 
that  the  only  deep  crater  he  saw  besides  tbe  caldera  was  Kilauea  Iki; 
be  saw  no  others,  though  his  guides  said  there  were  many  in  the 
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EXPLANATION 

| Acttw  Uva  lalt* 

Lava  flow*  o!  18ih  century 
Kranakakoi  Axh  Member 
Lava  (Iowa  of  Kokoolau 
Keauhou  flows 
Other  lava  flows 
Tephra  cone  or  lava  shield 


© PM  crater 

Rim  of  caldera 

44  VII  lag* 

Approximate  route  of  W.  tills 


F ir.URF,  12.57.  — Appronmale  route  and  features  probably  observed  by  William  Elks  on  h*»  trek  from  Kilauea  caldera  to  Kealakomo  in  1823.  He  saw 
“three  or  four  high  and  aUmct  craters*'  but  no  “deep"  craters  besides  Kilauea  flu.  though  he  was  told  that  others  were  nearby  (Ellis.  1827,  p.  1 79,  I82X 
Geographic  features:  Kl.  Kilauea  Iks:  KE.  Keanakakoi:  KO,  Kokoolau;  HI,  Huaka;  PHH,  Pou  Huhthuhi;  KNOH,  Kane  Nui  o Hamo. 


neighborhood.  Moreover,  EJlis  described  this  and  some  other  craters 
as  high*standing  edifices.  Along  the  route  that  EJlis  travelled  from 
the  caldera  to  the  coast  are  three  such  features:  Kokoolau,  Puu 
Huiuhulu,  and  the  spatter  cone  near  Devils  Throat.  EJlis  would  also 
have  seen  Kane  Nui  o Hamo  in  the  distance. 

If  Puu  Huiuhulu  was  the  crater  at  issue  it  would  contradict 
Elks’  other  comments  because  Liloas  reign  occurred  long  after  the 
inferred  time  of  conflict  between  Pde  and  Kamapua’a.  According 
to  Kalakaua  s ( 1 888)  chronology  Liloa  preceded  Liholiho  (reigning 
during  Ellis'  visit  of  1823)  by  14  reigns,  while  Kamaiole  preceded 
Liloa  by  another  eight  reigns.  Kalakaua  believed  Kamaiole  to  have 
reigned  around  A.D.  1200  and  Liloa  around  A.D.  1475.  While 
Liloas  reign  falls  into  the  range  indicated  by  the  paleomagnetic  data 
(350-500  years  B.P.X  Kamaioles  reign  does  not.  If  Ptiu  Huiuhulu 
is  the  source  of  flows  tied  to  Kamapua'a,  the  two  traditions  are  m 
conflict.  Moreover,  Kane  Nui  o Hamo  should  not  be  the  active  vent 


of  Liloas  reign  because  it  is  dearly  older  than  F^iu  Huiuhulu. 

Other  interpretatiouns  arc  possible.  The  Pele- Kamapua'a 
tradition  could  refer  to  Kane  Nui  o Hamo,  whose  lava  flows  have  a 
paleomagnetic  direction  consistent  with  the  dates  assigned  to 
Kamaioles  reign.  Ellis  dearly  stated,  however,  that  the  Pde- 
Kamapua’a  conflict  was  associated  with  the  young,  dark  lava  flows 
west  of  Kealakomo  (the  Keauhou  flowsX  and  these  flows  could  not 
have  come  from  Kane  Nui  o Hamo;  the  flows  from  Kane  Nui  o 
Hamo  are  the  older  ones  upon  which  Kealakomo  sat. 

Another  alternative  would  have  Kokoolau  as  the  vent  of  Liloas 
reign  and  Puu  Huiuhulu  the  older  source  of  the  Kamapua'a  flows. 
This  would  preserve  the  chronology  implied  by  the  traditions;  but 
then  both  Kokoolau  and  Puu  Huiuhulu  would  be  older  than 
apccted  from  their  paleomagnetic  data,  unless  the  reigns  were 
briefer  than  believed  by  Kalakaua. 
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From  the  discussion  above  il  should  be  clear  that  caution  must 
be  used  in  extracting  eruption  history  from  the  traditions.  In  fact,  the 
most  useful  comparisons  between  traditions  and  geologic  information 
may  proceed  in  the  opposite  direction,  the  geologic  data  providing  a 
firmer  base  for  reconstructing  the  social  history. 

HISTORICAL  ERUPTIONS 

The  historical  activity  of  Kilauea  has  been  reviewed  in  detail 
several  times  previously  (Dana,  1890;  Brigham,  1909;  Hitchcock, 
1909;  Steams  and  Clark,  1930;  Steams  and  Macdonald,  1946; 
Macdonald  and  Abbott,  1970).  Only  a brief  summary  is  given 
here. 


LONG-SUSTAINED  SUMMIT  ERUPTIONS.  1823-1924 

Though  brief  references  to  Hawaiian  volcanism  were  recorded  I 
in  the  late  18lh  century  (Ledyard,  1783;  Beaglehole,  1967;  Van- 
couver, 1798;  A.  Menzics,  in  Hitchcock,  1909),  the  historical  ( 
record  really  began  with  Ellis'  (1827)  description  of  Kilauea  m 
1823.  At  that  tune  a sustained  eruption  was  in  progress,  and  most 
of  the  inner  sink  was  occupied  by  an  active  lava  lake  standing  about 
270  m below  the  north  rim.  About  90  m above  the  lake  surface  was 
the  Black  Ledge  a terrace  of  freshly  congealed  lava  thought  to 
represent  the  level  reached  by  caldera  filling  a short  time  before.  The 
caldera  floor  probably  had  subsided  in  the  sprtng  of  1823,  when  a 
brief  but  voluminous  eruption  from  the  Great  Crack  flooded  the 
western  south  flank  with  lava  (the  Keaiwa  flow,  which  reached  the 
sea  from  Kapaoo  Point  to  Waiapele  Bay)  The  subsidence  of  the 
caldera  floor  apparently  did  not  generate  large  explosions  at  the 
summit,  though  small  phreatic  explosions  deposited  tephra  at  two 
places  along  the  Great  Crack  (Steams,  1926) 

Continued  activity  after  1823  refilled  the  caldera  to  a levd 
about  1 5 m above  the  Black  Ledge  by  1832,  when  a small  eruption 
occurred  on  Byron  Ledge  and  the  caldera  floor  subsided  again,  this 
time  about  300  m (Goodrich,  1833).  Filling  then  recommenced, 
and  in  1834  the  caldera  was  much  the  way  it  bad  been  in  1823,  with 
an  inner  pit  113  m deep  surrounded  by  a black  ledge  (Douglas,  | 
I905)i  Continued  activity  filled  the  pit  and  apparently  overflowed 
the  black  ledge  so  that  it  was  no  longer  visible  late  in  1838 
(Strzeledu,  1845).  At  this  time  the  activity  had  become  confined  to 
5 lava  lakes,  the  largest  of  them  called  Hau-mau-mau  in  the  ! 
southwestern  part  of  the  caldera  on  the  site  of  the  pit  crater  now 
called  Halemaumau. 

Vigorous  summit  activity  in  the  spring  of  1 840  was  followed  by 
another  subsidence  of  the  caldera  floor  and  a rapid  series  of  brief  j 
eruptions  along  the  east  rift  zone.  The  last  eruption  from  the  lower 
east  rift  zone  was  especially  voluminous  and  sent  surface-fed  lava 
flows  northeastward  from  the  vicinity  of  Pahoa  to  the  coast  at 
Nanawale  (Coan,  1841 ) Shortly  afterward  Kilauea  was  visited  and 
described  by  members  of  the  United  States  Exploring  Expedition 
(Wilkes,  1845;  Dana,  1849)  The  subsided  inner  sink  at  this  time 
was  about  100  m deep  and  was  surrounded  by  a new  black  ledge 
about  480  m wide  nsing  to  about  1 80  m below  the  western  caldera 
nm.  By  1846  the  inner  basin  had  filled  again  (Dana,  1850),  and  by 


1848  a lava  shield  at  the  site  of  Halemaumau  had  grown  nearly  as 
high  as  the  lowest  part  of  the  caldera  rim  (Coan,  I85l)i 

The  next  subsidence  of  the  caldera  floor  occurred  in  1868. 
when  large  earthquakes  shook  the  southern  part  of  Hawaii  and 
simultaneous  eruptions  occurred  from  Mauna  Loa  and  Kilauea 
(Coan,  1868)  One  Kilauea  outbreak  produced  a chain  of  small  lava 
pads  near  the  distal  end  of  the  northern  strand  of  the  upper 
southwest  rift  zone.  Another  small  eruption  from  Byron  Ledge  fed  a 
lava  flow  that  ponded  on  the  floor  of  Kilauea  Iki.  An  area  about 

l , 900  m wide  on  the  central  caldera  floor  sagged  about  100  m,  and 
a deeper  conical  pit  about  900  m wide  and  about  200  m deep 
developed  at  its  southwest  end  at  Halemaumau  (Hitchcock,  1909) 
The  pit  again  filled,  and  by  1874  a lava  shield  at  \ laiemaumau  had 
once  again  grown  to  about  the  elevation  of  the  southern  caldera  rim 
(Coan,  1874)  Minor  subsidences  in  and  around  Halemaumau 
occurred  again  in  1879,  1886,  1891,  and  1894  (Hitchcock,  I909X 
None  of  those  episodes  was  associated  with  known  eruptions  from 
the  rift  zones,  though  some  undated  post- 1 790  flows  south  of  Mauna 
Iki  (fig.  12. 5B;  Holcomb,  1980b)  could  have  been  erupted  at  one 
of  those  times. 

The  subsidence  of  1894  was  followed  by  13  years  of  dormancy 
and  very  subdued,  episodic  activity  within  the  pit  of  Halemaumau 
(Hitchcock,  1909)  In  1908  the  activity  once  again  became  more 
vigorous,  and  it  was  nearly  continuous  until  1924,  with  minor 
subsidences  of  the  lava  column  occurring  in  1916,  1919,  1922,  and 
1923  (Jaggar,  1947)  Hie  1919  subsidence  was  followed  by  the 
1919-20  eruption  of  Mauna  Iki  along  the  southwest  rift,  the  first 
sustained  eruption  along  either  rift  zone  during  the  historical  interval 
and  probably  the  first  since  the  Heiheiahuiu  eruption  of  circa  1750. 
The  1922  subsidence  was  associated  with  small  eruptions  from 
Makaopuhi  to  Napau,  and  the  1923  event  was  followed  by  another 
small  eruption  between  Makaopuhi  and  Alae.  The  summit  activity 
once  again  built  a broad  lava  shield  that  occupied  the  entire  inner 
sink  of  the  modem  caldera,  with  Halemaumau  at  its  summit. 

INTERMITTENT  SUMMIT  AND  FLANK  ERUPTIONS.  1924-1968 

The  century-long  interval  of  nearly  continuous  activity  in  the 
caldera  ended  in  1924  (Jaggar  and  Finch,  1924;  Steams,  1925)  In 
the  spring  of  that  year  an  80-m  drop  of  the  magma  column  was 
followed  by  a swarm  of  earthquakes  that  migrated  from  the  summit 
along  the  east  rift  zone  past  Kapoho.  Though  much  ground 
deformation  developed  near  Kapoho,  a subaerial  eruption  did  not 
occur;  a submarine  eruption  may  have  occurred  somewhere  beyond 
Cape  Kumukahi.  Renewed  subsidence  of  the  magma  column  at 
Halemaumau  was  then  followed  by  17  days  of  repeated  phreatic 
explosions  and  collapse  of  the  caldera  floor  around  Halemaumau. 

Lava  returned  to  Halemaumau  shortly  after  the  1924  explo- 
sions ceased,  but  instead  of  being  sustained  the  activity  was  now 
episodic.  A scries  of  seven  brief  eruptions  in  the  next  10  years 
(Jaggar.  1947)  reduced  the  depth  of  Halemaumau  from  390  to  150 

m.  and  then  no  eruptions  occurred  for  18  years,  from  1934  to  1952. 
Sustained  eruption  from  June  to  November  of  1952  filled 
Halemaumau  with  another  120  m of  lava.  A brief  eruption  in 
May-Junc  1954  added  6 m of  lava  in  Halemaumau  and  a thin  lava 
flow  on  the  caldera  floor  to  the  east  (Macdonald,  1955) 
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Then,  after  at  least  150  years  of  infrequent  eruption  and  33 
years  of  no  eruption,  the  subaerial  part  of  Kilauea*  east  rift  zone 
resumed  frequent  activity  in  February-May  1955  with  a series  of 
eruptions  along  its  tower  segment  (fig.  I2.58A;  Macdonald  and 
Elat  on,  1964).  These  were  followed  by  a sustained  eruption  in 
Kilauea  Iki  in  1959  and  then  by  eruptions  from  the  middle  and  lower 
segments  of  the  east  rift  zone  in  January—  February  I960  (fig. 
12.586;  Richter  and  others,  1970).  Brief  eruptions  at 


Halemaumau  in  February -March  1961  were  followed  by  a series  of 
outbreaks  at  1 3 places  along  the  middle  and  lower  east  rift  zone  in 
September  1961  (Richter  and  others,  I964X  and  further  eruptions 
from  the  upper  and  middle  east  rift  zone  occurred  in  December 
1962,  August  1963,  and  March  and  December  1965  (fig. 
I2.58C;  Moore  and  Krivoy,  1964;  Peck  and  others,  1966;  Fiske 
and  Koy&nagi,  1968;  Wright  and  others,  1968).  A sustained 
eruption  then  occurred  in  Halemaumau  from  November  1967  to 


EXPLANATION 
^ — Flank  subsidence 

E3  Intrusion 

H Brief  eruption 
F ' ' Sustained  eruption 


FIGURE  12.58. — Leva  flow*  and  mtnnioiu  during  the  interval  1955-1994  a*  Kilauea  Intruwom  lifter  1%2  are  inferred  from  location*  of  shallo*  earthquake  iwinw 

compiled  by  Klein  and  other » (chapler  43k 
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July  1968  (Kinoshita  and  others,  1969).  This  was  the  last  sustained 
eruption  in  the  summit  region;  sustained  activity  since  then  has 
occurred  only  along  the  east  rift  zone. 

FREQUENT  AND  SUSTAINED  FLANK  ERUPTIONS.  1968-1985 

The  1967-68  summit  eruption  was  followed  by  a succession  , 
of  brief  eruptions  from  the  upper  and  middle  east  rift  zone  in  August  ' 
and  October  1968,  and  February  1969  (Moore  and  Koyanagi, 
1969;  Jackson  and  others,  1975;  Swanson  and  others,  1976b).  ' 
While  the  flank  eruptions  of  1955-1963  were  widely  distributed 
along  the  east  rift  zone  and  interspersed  with  sustained  eruptions  at 
the  summit,  the  1968-69  eruptions  were  concentrated  along  a short 
segment  of  the  rift  zone  between  Hiiaka  and  Napau  pit  craters.  As 
the  locus  of  eruptions  contracted,  the  intervals  between  eruption 
decreased  to  a few  months.  The  sequence  culminated  in  a sustained 
eruption  that  began  in  May  1969  and  continued,  with  brief 
interruptions,  until  June  1974,  building  the  lava  shield  of  Mauna 
Ulu  (figs.  12.34,  12.35,  I2.58D;  Swanson  and  others,  1979;  I 

Tilling  and  others,  chapter  16).  An  interruption  in  the  second  half  of 
1971  saw  two  brief  eruptions  from  the  summit  and  northern  strand 
of  the  upper  southwest  rift  zone  (DuffieJd  and  others,  1982).  Other 
interruptions  saw  brief  eruptions  higher  up  the  east  rift  zone  in  May 
and  November  1973  (Tilling  and  others,  chapter  I6)i  The  Anal 
cessation  of  activity  at  Mauna  Ulu  in  June  1974  was  followed  by 
brief  eruptions  from  the  summit  and  middle  strand  of  the  upper 
southwest  rift  zone  in  July,  September,  and  December  1974. 

A magnitude  7.2  earthquake  and  subsidence  along  the  south 
coast  on  November  29,  1975  (fig.  12.58£;  Tilling  and  others, 
1976)  was  followed  by  episodes  of  summit  deflation  and  rift  intrusion 
in  June,  July,  and  August  1976  and  February  1977  (Dzuristn  and 
others,  I960)  and  then  a brief  eruption  from  the  middle  east  rift  | 
zone  in  September  1977  (Moore  and  others,  1980).  An  intrusion  of 
magma  into  the  upper  east  rift  zone  in  May  1979  was  followed  by  a 
brief  eruption  at  Pauahi  and  vicinity  in  November  1979,  and  five  | 
more  intrusive  episodes  along  the  upper  east  rift  zone  in  March  (two 
episodes),  August,  October,  and  November  I960  (Dzurisin  and 
others,  1984;  Banks  and  others,  198 IX  Activity  then  shifted  to  the 
southwest  rift  zone,  with  intrusive  episodes  occurring  there  in 
January  and  August  1981  and  June  1982.  Brief  eruptions  occurred 
at  the  summit  in  April  and  September  1982  (Banks  and  others, 

1983k 

Following  the  1982  summit  eruptions,  activity  shifted  once 
again  to  the  east  nft  zone.  An  intrusion  into  the  upper  east  rift  zone 
in  December  1982  was  followed  in  January  1983  by  an  eruption 
near  Puu  Kahaualea  on  the  middle  east  rift  zone.  That  eruption  was 
sustained,  building  a vent  edifice  called  Puu  Oo  (Wolfe  and  others, 
chapter  17);  it  still  continues  at  this  writing  in  March  1986. 


SUMMARY  OF  ERUPTIVE  HISTORY 

Kilauca  saw  subacrial  shield  growth  punctuated  by  large 
explosions  100,000-10,000  years  ago  (Hilina  Basalt  and  Pahala 
Ash);  long-sustained  summit  eruptions  and  briefer  rift  eruptions 


10,000-2,000  years  ago  (scattered  kipukas);  sustained  eruptions 
from  the  summit  and  rift  zones  2,000—1,500  years  ago;  caldera 
collapse  and  filling  1,500-1,100  years  ago  (Uwekahuna  Ash 
Member  of  the  Puna  Basalt  and  hiatus);  extensive  caldera  overflows 
and  numerous  rift  eruptions,  with  no  patterns  of  summit -flank 
interrelation  yet  discerned,  1 ,000-350  years  ago  (Volcano,  Kalue. 
Ai-laau  flows);  sustained  summit  activity  followed  by  extensive  rift 
eruptions  accompanying  caldera  collapse,  followed  by  summit  explo- 
sion, 350-200  years  ago  (Observatory  flows,  Keanakakoi  Ash 
Member  of  Puna  Basalt);  and  long-sustained  summit  eruption 
followed  by  frequent  rift  eruptions  during  the  last  200  years 
(historical  records). 

The  recent  eruption  history  is  summarized  in  figure  12.59. 
About  1,500  years  ago  the  Powers  caldera  developed,  truncating 
lava  flows  assigned  paleomagnetically  to  the  interval  2,000-1,500 
years  B.P.  The  Uwekahuna  Ash  Member  was  draped  onto  the  rim 
and  step  faults  of  the  caldera.  Little  is  known  about  Kilauea’s 
eruptions  of  about  1 ,500-1 ,100  years  B.P.;  only  a few  flows  along 
the  rift  zones  are  known  from  this  interval,  and  the  summit  region 
was  remarkably  devoid  of  eruptions  outside  the  Powers  caldera. 
Unless  the  magma  supply  was  cut  off  during  this  interval,  most  of 
the  eruptive  activity  must  have  been  cpnfined  to  the  caldera  and  to 
submarine  parts  of  the  volcano.  The  Powers  caldera  began  to 
overflow  about  1,200-1,100  years  ago  and  continued  to  do  so 
intermittently  until  the  1 8th  century.  These  overflows  covered  much 
of  Kilaueas  surface.  The  overflows  on  different  flanks  have  different 
ages,  indicating  that  activity  was  concentrated  on  one  side  of  the 
summit  for  a few  decades  or  centuries  and  then  shifted  to  another 
side  to  cover  a different  sector.  Progressive  time  relations  between 
summit  activity  and  rift  activity  are  not  yet  resolved  during  this 
interval. 

Such  progressions  do  appear  beginning  about  500-350  years 
ago.  Although  paJeomagnetic  dating  does  not  yet  resolve  a summit  - 
rift  progression  at  that  time,  traditions  cited  by  Westerveh  (1916) 
suggest  that  long-lived  activity  at  the  Ai-laau  vent  was  followed  by 
rift  eruptions  and  summit  collapse,  which  were  in  turn  followed  by 
sustained  activity  at  the  Observatory  vent. 

The  Observatory  activity  was  followed  by  many  brief  erup- 
tions and  a few  sustained  eruptions  along  both  rift  zones,  especially 
the  east  rift  zone.  This  flurry  of  flank  eruptions  must  have  been 
accompanied  by  growth  of  the  modem  caldera,  much  of  which 
postdates  the  Observatory  shield.  Caldera  collapse  climaxed  with 
phreatomagmatic  eruption  of  the  Keanakakoi  Ash  Member  in  A.D. 
1790. 

Following  the  1790  eruption,  Kilaueas  behavior  changed 
again,  and  for  more  than  a century  almost  all  subaerial  activity  was 
confined  to  the  caldera.  During  this  interval,  only  two  large  flank 
eruptions  are  known,  in  1823  and  1840,  w her  as  activity  within  the 
caldera  was  sustained  almost  continuously. 

Kilaueas  famous  19th-century  pattern  of  continuous  summit 
activity  ceased  in  1924.  possibly  following  a submarine  eruption 
from  the  east  nft  zone  that  coincided  with  summit  collapse.  Since 
then  summit  eruptions  have  been  infrequent  and  relatively  brief, 
while  eruptions  from  the  rift  zones  have  become  more  frequent  and 
more  sustained. 
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Figure  12.59. — Series  of  maps  tummaimdig  Kilaueat  erupiion  history  during  the  Iasi  1,500  yrars,  generalized  from  information  in  figures  12.5,  12  6,  and  12. S- 


MODELS  FOR  LONG-TERM  BEHAVIOR 

It  may  be  useful  here  to  speculate  a little  about  the  causes  of 
temporal  variation  in  eruptive  behavior.  Those  causes  will  be  a topic 
of  future  research  because  they  may  lead  to  better  eruption  forecasts. 

Many  models  can  be  visualized,  and  they  can  be  classified  in 
various  ways.  For  example,  we  can  distinguish  evolutionary, 
cyclical,  and  steady-state  models  differing  in  their  forecasting  utility. 

A cyclical  model  is  shown  in  figure  12.60.  This  caldera- 
dominated  model  features  shifts  in  magma  storage  as  successive 
calderas  form  and  fill.  In  this  model  caldera  collapse  arises  from 
changes  in  magma  plumbing,  and  collapse  in  turn  causes  changes  in 


the  plumbing,  acting  as  a feedback  mechanism  of  an  oscillatory 
system.  Kilauea's  history  between  about  1 ,500  and  200  years  B.P. 
could  represent  one  long  cycle,  and  its  history  since  200  years  B.P. 
could  represent  another  shorter  one,  with  the  volcanos  current  state 
corresponding  to  stage  2 or  stage  3 of  the  model  (fig.  12.60). 

Another  cyclical  model  is  shown  in  figure  12.61.  This  slump- 
ing dominated  model  focuses  on  Kilauea's  unbuttressed  south  flank, 
which  the  caldera  model  ignores.  Eruptive  behavior  in  this  model 
responds  to  changes  ui  magma  storage  arising  from  flank  deforma- 
tion. It  was  suggested  more  than  20  years  ago  that  magma  storage  in 
the  rift  zones  is  controlled  by  recurrent  slumping  of  the  south  flank 
(Moore  and  Krivoy,  l%4)  Later  it  was  concluded  from  the  timing 
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Figure.  12.60. — Cyclical  model  lor  long-term  behavior  of  KJauea,  bated  on  repeated  episode*  of  caJdera  collapse  and  filling  Schematic  longitudinal  profile*  of  nft  zone 
thow  five  stage*  in  cycle,  which  could  represent  dynamic  equilibrium  between  hydrostatic,  thermal,  and  frictional  factor*  Stage  1.  Eruption*  are  long-mataawd  and 
restricted  to  caldera,  filling  it  k>  that  most  magma  n itored  beneath  lummit  At  magma  column  rue*,  however,  dike*  are  inRcted  laterally  under  mcreaung  head  aad 
penetrate  into  nft  zone*.  Stage  2.  Summit  eruption*  are  leta  untamed  and  nft  eruption*  more  frequent  at  more  magma  it  diverted  into  rift  zone*  Stage  3.  At  better 
continuity  u developed  in  plianbtng  of  nft  zone,  longer  eruption*  occur  farther  from  turnout.  At  lava  n erupted  at  lower  elevation*,  magma  column  subside*  beneath 
summit,  and  caldera  hlhng  lava  slowly  cools.  Stage  4.  Voluminous  eruptions  from  nft  zone*  drain  magma  from  upper  part*  of  edibce.  and  colapte  ensue*.  Collapte  a 
summit  rejuvenates  caldera,  and  collapse  along  nft  zones  reduces  continuity  of  their  plumbing  systems  Stage  5.  Magma  ruing  from  deep  beneath  summit  now  finds  its 
easiest  escape  into  newly  deepened  caldera;  activity  is  once  again  sustained  within  caldera,  and  continuity  is  further  reduced  m nft  plumbing  system  as  dikes  tobdrfy 


of  flank  deformation  that  slumping  is  a passive  response  to  forceful 
intrusion  of  magma  into  the  nft  zones  (Swanson  and  others.  1976a)i 
But  that  conclusion  was  based  on  observations  of  just  the  past 
century;  long-term  changes  in  flank  behavior  might  accompany  long- 
term changes  in  eruptive  behavior.  Some  intervals  might  be  domi- 
nated by  forceful  intrusion  and  passive  deformation  and  other 
intervals  by  active  slumping  and  permissive  intrusion.  The  true  state 


of  the  edifice  might  be  a quasi -equilibrium  perturbable  in  either 
direction,  with  feedback  mechanisms  forcing  an  oscillation. 

Still  other  models  could  be  fundamentally  cyclical  but  made 
complex  from  the  interplay  of  various  mechanisms.  For  sample . 
slumping  cycles  and  caJdera  cycles  could  both  operate,  independ- 
ently or  in  rhythm.  If  episodes  of  slumping  occurred  more  often  than 
episodes  of  caldera  collapse,  with  each  perturbation  disrupting  the 
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Figure  12.61 . — Cyckcal  model  based  on  teaward  displacement  of  south  flank  Schematic  maps  and  transverse  cross  sections  show  four  stages  in  cyde.  Skimping  cycles  of 
thn  sort  could  occur  over  intervals  as  short  as  a few  years,  and  I hey  might  be  superimposed  on  long-term  caldera  cycles  Slumping  episodes  might  sometimes  induce 
caldera  subsidence  Slippage  might  be  concentrated  within  a layer  of  oceansc  sediment  several  hundred  meters  duck  beneath  the  volcano,  as  suggested  by  Nakamura 
(19621  Stage  1 . Volcanic  edifice  is  in  repose  as  magma  column  rises  passively  to  fill  summit  reservoir  Singe  2.  Summit  magma  column  rises  high  and  overflows  Magma 
is  forcefully  intruded  under  rising  head  into  rift  rones,  and  south  flank  is  displaced.  Much  of  this  flank  deformation  can  be  reversed  if  magma  withdraws.  Stage  3. 
Continued  mtnision  initiates  sustained  eruption*  along  rift  rones  and  displaces  south  flank  further.  Flank  is  made  increasingly  unstable  by  steepening  its  slope  and  ioadmg 
its  surface,  but  permanent  displacement  does  not  occur  until  frsclsonal  threshold  is  overcome.  Stage  4.  Oversteepening  and  Ioadmg  of  flank  by  extrusion  and  forceful 
intrusion  overcome  slidmg  resistance,  and  permanent  sltnnping  displacement  occurs  along  flank  fault)  Lateral  expansion  of  magma  reservoir  causes  summit  magma  column 
to  subside,  and  head  losa  causes  magma  also  to  subside  far  out  along  rift  rones.  Magma  pressure  drops  rapidly  and  stops  driving  permanent  displacement,  but  slumping 
continues  until  frictional  resistance  overcomes  inertia  of  slsding  block  Magma  resumes  passive  filling  of  space  made  available  by  skimpuig  episode 
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plumbing  system  and  followed  by  evolutionary  reintegration  of  the 
plumbing  system,  very  complicated  but  possibly  predictable  Har- 
monic patterns  of  eruption  might  ensue. 

Cyclical  models  imply  the  possibility  of  long-range  forecasts, 
but  steady-state  or  stochastic  models  do  not.  By  itself,  stage  3 of 
figure  12.60  could  represent  such  a model,  with  much  magma 
always  stored  throughout  a plumbing  system  that  is  never  seriously 
disrupted.  Eruptions  of  any  type  could  occur  from  any  part  of  the 
system  at  any  time.  In  this  model  there  would  be  no  systematic 
evolution  of  the  plumbing  system  over  decades  or  centuries;  instead, 
the  variations  in  eruptive  behavior  would  arise  merely  from  chance 
developments  such  as  the  times  when  individual  dikes  happened  to 
intersect  the  surface.  If  a model  like  this  best  described  the  volcanos 
behavior,  it  might  not  be  possible  to  predict  long-term  changes  using 
the  previous  history. 

Alternative  noncyciical  models  could  blend  evolutionary  proc- 
esses with  random  events.  Random  behavior  might  be  superimposed 
upon,  or  reset,  evolutionary  progressions,  and  evolutionary  behavior 
might  characterize  some  intervals  but  not  others.  For  example,  the 
magma  plumbing  system  might  respond  m a predictable,  evolution- 
ary way  to  a major  submarine  eruption  or  flank  subsidence  not 
caused  by  feedback  mechanisms  within  the  system.  Although  major 
perturbations  would  remain  unpredictable,  evolutionary  trends  fol- 
lowing them  might  permit  forecasts  of  long-term  behavior  between 
them.  That  is,  we  might  be  able  to  forecast  long  intervals  of 
dominantly  summit  activity  versus  long  intervals  of  dominantly  rift 
activity.  Predictive  success  would  be  achieved  much  of  the  time  even 
though  major  perturbations  remained  unpredictable. 

CONCLUSIONS 

Kilaueas  surface  is  about  10  times  younger  than  was  thought 
previously  (table  12.2);  70  percent  is  younger  than  500  years,  90 
percent  younger  than  1,100  years.  A major  hiatus  in  summit 
overflows  occurred  between  about  1,500  and  1,100  years  ago. 
Much  of  the  present  caldera  dates  from  the  1 8th  century,  but  it  was 
preceded  by  at  least  one  earlier  caldera  that  developed  about  1 , 500 
years  B.P.  and  was  later  filled. 

rhe  various  subdivisions  of  Kilauea  are  covered  by  lava  flows 
of  different  types  (table  12.3)  produced  by  eruptions  of  different 
kinds  from  different  parts  of  the  magma  plumbing  system  (tabic 
12.4).  Kilaueas  surface  is  dominated  by  tube-fed  pahoehoe  (67 
percent X while  surface-fed  pahoehoe  (14  percent)  is  mainly  limited 
to  near  vents  along  the  rift  zones,  and  aa  (16  percent)  occurs  mainly 
on  the  south  flank  seaward  of  the  rift  zones.  Surface  coverage  has 
been  dominated  by  tube-fed  lava  flows  from  long-sustained  eruptions 
at  the  summit;  51  percent  of  the  volcanos  surface  still  consists  of  such 


lava  even  though  summit  overflows  have  not  occurred  for  the  last  200 
years.  About  30  percent  of  Kilauea  was  covered  by  lava  from  just 
one  long  eruption  at  the  Ai-laau  vent  a few  hundred  years  ago. 
Surface  coverage  by  brief  eruptions  is  minor  (22  percent  X despite 
the  high  frequency  of  such  eruptions  in  recent  decades. 

Different  parts  of  Kilauea  have  differed  in  eruptive  behavior. 
The  most  notable  difference  is  between  the  summit  and  rift  zones, 
with  most  long-sustained  eruptions  occurring  at  summit  vents. 
Sustained  unstable  eruptions  are  more  numerous  along  the  upper 
parts  of  the  rift  zones  than  along  their  lower  parts.  Pyroclastic 
central  vents  are  more  common  along  the  lower  parts  of  the  rift 
zones,  especially  below  elevations  of  500  m.  The  briefest  fissure 
eruptions  have  occurred  all  along  the  rift  zones  and  at  the  summit , 
displaying  on  average  no  obvious  affinity  for  any  part  of  the  volcano. 
During  particular  decades  or  centuries,  however,  they  have  been 
concentrated  in  restricted  regions.  Other  spatial  variations  appear  to 
have  been  characteristic  of  particular  localities,  such  as  the  southern 
! strand  of  the  southwest  rift  zone. 

Different  intervals  of  Kilaueas  history  have  been  dominated  by 
different  eruptive  behaviors,  Behavioral  changes  have  occurred  over 
intervals  of  decades  and  centuries.  The  changes  include  variations  in 
both  frequency  and  type  of  eruption.  Some  changes  haw  been 
repeated  at  long  intervals,  and  some  may  have  occurred  in  evolution- 
ary sequences.  Two  explosive  eruptions  large  enough  to  produce 
extensive  pyroclastic  sheets  seem  to  have  been  followed  by  intervals 
longer  than  a century  in  which  most  eruptive  activity  was  confined  to 
a summit  caldera.  While  the  caldera  slowly  filled,  vegetation  became 
well  established  on  the  volcanos  flanks.  Rift  activity  waxed  as 
summit  activity  waned,  and  in  the  recent  historical  example  the 
waxing  sequence  resembles  an  evolutionary  progression:  rift  erup- 
I tions  were  at  first  brief  and  widely  separated  in  space  and  time,  but 
gradually  they  became  frequent  along  a restricted  segment  of  the  rift 
zone  and  culminated  in  sustained  activity  at  one  locality. 

During  the  past  500  years,  when  the  eruptive  pattern  can  best 
be  defined,  there  has  been  a repeated  pattern  of  sympathetic 
behavior  between  the  summit  and  rift  zones.  Little  flank  activity  has 
occurred  when  summit  activity  was  sustained,  and  sustained  summit 
activity  has  ceased  when  there  was  much  activity  on  the  rift  zones. 
Rift  activity  has  been  accompanied  by  subsidence  at  the  summit, 
and  large  summit  collapses  have  been  followed  by  phreatomagmalic 
eruption.  Events  following  etplosive  eruptions,  however,  have  dis- 
played no  consistent  pattern.  The  large  explosive  eruption  of  1 790 
was  preceded  by  much  rift  activity  and  followed  by  much  summit 
activity,  but  the  smaller  eruption  of  1924  was  preceded  by  much 
summit  activity  and  followed  by  little  such  activity.  The  current  rift 
activity  resembles  that  which  occurred  in  the  1 8th  century  before  the 
I explosive  eruption  of  1790. 
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Tabus  12.1. — Classificdson  of  KHauca  eruptions 
[Type*  of  lava  flow.  PS,  surface-fed  pahoetooc;  PT,  tube-fed  paboehoe;  A,  aa) 


TVpe 

Duration 

Character  of  effusion 

Mats 

Lava  flow* 

Brief,  Assure 
Brief,  localized 
Sustained,  unstable 
Sustained,  stable 
Explosive 

Hours  to  days 
Days  to  weeks 
Months  to  yean 
Decades  to  centuries 
Days  to  weeks 

Simple  waxing,  waning,  small  fountains 
Simple  waxing,  waning  or  pulses;  large  fountains. 
Complex  sequence;  waxing,  pulses,  waning 
Mainly  slow,  steady,  tome  intemipuona. 
Successive  explosions. 

Open  fissures,  ramparts. 
Pyroclastic  cones,  mounds. 
Small  shields. 

Large  shield. 

Crater. 

Few;  PS  and  A. 
Several,  PS  and  A. 
Many;  PS.  PT.  and  A. 
Many,  mainly  PT. 

Few  or  none. 

TaBLE  12.3. — Distribution  of  lava  types  on  Kiltateas  suboerusl  surface 

[Areas  measured  by  digitizer  on  a generalized  nup  at  scale  of  I : SO, 000.  Types  of  lava: 
PS,  surface-fed  paboeboe;  PT,  tube-fed  paboehoe;  A,  a a T,  pyroclastic*;  ML,  all 
types  erupted  from  Mauna  Loo) 


TABLE  12.2. — Afe  distribution  of  Ktlaueas  surface 
(Areas  measured  by  digitizer  on  a generalized  map  at  scale  of  1 : 50,000) 


../Tp 

Area 

Cumulative  am 

(km2) 

(percent  1 

(km2) 

(percent) 

0-50 

146.5 

10. 1 

146.5 

10.1 

50-150 

38-2 

2.6 

184.7 

12.7 

150-250 

168.2 

M.6 

352.9 

24.3 

250-  350 

167.6 

11.5 

520.5 

35.8 

350-  500 

454.5 

31.3 

975.0 

67.1 

500-  750 

190.6 

13.1 

1,165  6 

80.2 

750-1,000 

89.6 

6.2 

1,255.3 

86.4 

1.000-1.500 

50.4 

3.5 

1.395.6 

89.9 

>1,500 

146.0 

10.1 

•1.451.6 

100.0 

'A  separate  measurement  of  total  area  on  the  same  map  gave  1,431.0  km1. 


Am 

Area 

Structural  subdivision 

type 

Percent  of 

(kin3! 

Kilaue* 

(km2! 

subdivision 

Summit 

51.6 

3.6 

PS 

19.4 

37.5 

PT 

5.0 

9.6 

A 

1.5 

3.0 

T 

18.3 

35.6 

ML 

7.4 

14.3 

Koae  fault  system 

65.7 

4.5 

PS 

7.8 

11.9 

PT 

51.1 

77.7 

A 

6.3 

9.6 

T 

.5 

.8 

Upper  southwest  nil  zone  88.4 

6.1 

PS 

21.3 

24.1 

PT 

46  6 

52.7 

A 

7.5 

8.5 

T 

l.l 

1.2 

ML 

11.9 

13.5 

Lower  southwest  nft  zone  91.5 

6.3 

PS 

13.8 

15.1 

PT 

64.0 

69.9 

A 

13.7 

15.0 

Upper  east  rift  zone 

55.1 

3-8 

PS 

20.9 

38.0 

PT 

31.2 

56.6 

A 

2.8 

5.0 

T 

-2 

.4 

Middle  cast  rift  zone 

91.5 

6.3 

PS 

36.7 

40.1 

PT 

42.8 

46.8 

A 

10.7 

11.7 

T 

1.2 

1.4 

Lower  east  rift  zone 

81.8 

5.7 

PS 

43.0 

52.5 

PT 

8.1 

9.9 

A 

25-9 

31.7 

T 

4.9 

5.9 

North  Sank 

445.7 

30.8 

PS 

19.1 

4.3 

PT 

403.4 

90.5 

A 

21.4 

4.8 

ML 

1.8 

.4 

South  flank 

475.9 

32.9 

PS 

17.4 

3.7 

PT 

316,9 

66  6 

A 

141.1 

296 

T 

.6 

.1 

Total  subaerul  Kdauca 

•1,447.3 

1000 

PS 

199.4 

138 

PT 

969.1 

67.0 

A 

2309 

160 

T 

26.8 

19 

ML 

21.1 

15 

'A  separate  measurement  of  total  area  on  the  same  map  gave  1,447.9  km-' 


TABLE  12.4.  — Distribution  of  ItM'o  on  Kilaueas  uirfaee  from  different  types  of  erupbon 
(Areas  measured  by  digitizer  an  a generalized  map  at  scale  of  1:50,000] 


Location  of  vent* 

Area  covered  by  erupt mn  tvpe 

Brief 

Sustained,  stable 

Sustained,  unstable 

Eiphism 

Total 

(km2) 

(percent) 

(kaa2) 

1 percent ) 

(km2> 

(percent) 

(km2) 

(percent) 

(km2) 

(percent) 

Summit 

102 

0.7 

732.9 

50.6 

0 

0 

18.5 

1.3 

761.6 

52  6 

Upper  southwest  nft  zone 

35  8 

2.5 

0 

0 

14.0 

2 3 

0 

0 

69.8 

4 8 

Lower  southwest  nft  zone 

28.0 

1.9 

0 

0 

0 

0 

0 

,0 

28  0 

1 9 

Upper  east  rift  zone 

7.5 

.5 

0 

0 

183.3 

12.6 

0 

0 

190.8 

13.1 

Middle  east  nft  zone 

93.9 

65 

0 

0 

100.2 

6.9 

0 

0 

194.1 

134 

Lower  east  nft  zone 

154.5 

107 

0 

0 

250 

1.7 

.0 

0 

179.5 

124 

Mauna  Laa 

21.3 

1.5 

Undetermined 









2.6 

.2 

Total 

3299 

22.8 

732.9 

50.6 

342.5 

23.5 

18.5 

1.3 

•1,449.4 

99  9 

•A  separate  measurement  of  total  area  on  the  same  map  gave  1.450.4  km*’. 
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Table  12.5. — Pateomagrreiic  mutt  from  Lara  floun  m the  Ktpu^a  Sate  area  of 
Kiiatea 

(D  and  I arc  respectively,  mean  decimation  and  inclination,  in  degrees,  of  remanent 
magnetization  in  12  specimens  from  each  site.  *«j  it  circle  of  95-percent  confidence 
around  the  mean  directum] 


Site 

D 

l 

**s 

Kalue  flow* 

1B224 

9.5 

24.6 

1.7 

IB456 

102 

24.6 

1.8 

3R013 

*.7 

24.1 

2.6 

Kipuka  Nene  flows 

8B121 

357.0 

39.2 

1.6 

SB  133 

357.5 

37.9 

1.2 

9B169 

357.9 

37.4 

1.6 

3R001 

1.9 

39.2 

2.1 

Table  12.6- — -,4C  agti  of  rmgenal  reldcd  to  the  Ai  iaau  onJ  Ohtenatory  ivnk 


Source  of  How 

Sample 

’W— 4449 

<200 

IW-4573 

<200 

W-3881 

260  = 70 

W-4162 

310-70 

W-4661 

320  - 70 

W-3941 

450  * 60 

rW-iMS 

2.160  i 70 

Probably  Puu  Huluhuiu 

W-4184 

<200 

W-5110 

230  r 60 

W-4337 

620-70 

Observatory  vent 

W-4470 

310  = 70 

W-3811 

330*60 

W-J8S2 

450*  60 

’W-499B 

960-60 

Possibly  Observatory  vent 

W-4404 

530  = 70 

W-5218 

550  = 70 

W-3860 

670  = 60 

'Same  prehistoric  flow  as  W-3941;  disregarded. 
•'Same  prehistoric  flow  at  W-4162;  disregarded 
’Anomalous,  possibly  contaminated  by  fumarofev 
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STRATIGRAPHY  AND  PETROLOGY  OF  THE  UWEKAHUNA  BLUFF 
SECTION,  KILAUEA  CALDERA 

By  Thomas  J.  Casadevall  and  Daniel  Dzurisin 


ABSTRACT 

Samples  from  63  lava  flows  in  a 135-m  vertical  section  at 
U we  kahuna  Bluff  within  Kilauea  caldera  were  analyzed  for 
major  oxides,  trace  elements,  and  rare-earth  elements.  Four 
stratigraphically  defined  suites  of  subaerial  lava  flows  are  pres- 
ent: (A)  units  1—14  (youngest  suite),  plagioclase-porphyritic 
flows  (6.4— 7.3  weight  percent  MgO);  (B)  units  15—30,  aphyric 
flows  (6.5— 6.0  weight  percent  MgO);  (C)  units  31—51,  olivine- 
rich  flows  (9.0—19.7  weight  percent  MgO)  with  the  Uwekahuna 
Ash  Member  of  the  Puna  Basalt  at  base;  (D)  units  44A-52A 
(oldest  suite),  nonvesicular,  aphyric  flows  (7.1— 7.8  weight  per- 
cent MgO). 

Suite  D flows  were  erupted  at  about  2.8  ka,  probably  in  an 
ancient  caldera.  At  about  2.1  ka,  catastrophic  eruption  of  the 
Uwekahuna  Ash  Member  may  have  unloaded  Kilaueas  deep 
magma-transport  system  and  triggered  extrusion  of  olivine- 
porphyrilic  lavas  of  suite  C.  Suites  A and  B may  be  genetically 
related,  possibly  from  the  top  of  a single  reservoir;  the  pla- 
gioclase-porphyritic  flows  of  suite  A may  represent  the  later 
eruptive  product  of  a shallow  reservoir  that  earlier  was  the 
source  for  the  aphyric  lavas  of  suite  B.  We  interpret  this 
sequence  of  aphyric  lavas  followed  by  plagioclase-porphyntic 
lavas  as  indicating  a two-stage  drawdown  of  a post- Uwekahuna 
Ash  Member  magma  reservoir. 

Comparison  of  published  major-  and  trace-element  data 
from  Kilauea  and  Mauna  Loa  with  data  for  the  Uwekahuna 
Bluff  flows  indicates  the  latter  are  all  from  a Kilauea  source; 
apparently  no  Mauna  Loa  flows  occur  in  the  west  wall  of 
Kilauea  caldera,  although  surface  flows  from  Mauna  Loa  have 
been  mapped  within  1 km  of  the  caldera  rim. 


INTRODUCTION 

Kilauea  Volcano,  on  the  southeast  flank  of  much  larger  Mauna 
Loa  Volcano  (hg.  13.  IX  has  a broad,  gently  sloping  summit  region 
1 ,260  m above  sea  level  and  two  rift  zones  that  extend  outward  from 
a 3 X 5-km  summit  caldera.  The  western  wall  of  Kilauea  caldera  is 
easily  accessible  and  contains  the  largest  cross-sectional  exposure  of 
the  summit  area  (hg.  13.1)  This  exposure  comprises  numerous  lava 
flows,  at  least  18  dikes  (Casadevall  and  Dzurisin.  chapter  14)  the 
Uwekahuna  laccolith  (Murata  and  Richter,  l%l)  and  three 
pyroclastic  units — the  A.D.  1924  lithic  ash  and  the  mostly  A.D. 
1790  Keanakakoi  and  2.  l-ka  Uwekahuna  Ash  Members  of  the 
Puna  Basalt  (Powers,  1948;  Dzurisin  and  Casadevall,  1986; 
Lockwood  and  Rubin.  1986)  The  wall  extends  from  the  area 


known  as  the  Outlet  roughly  6 km  northward  to  the  Steaming  Bluff 
area  and  includes  the  135-m-high  Uwekahuna  Bluff  (fig.  13.2) 
From  Uwekahuna  Bluff  north  to  Steaming  Bluff,  the  western  wall  is 
an  unbroken  and  near-vertical  slice  through  the  summit  area  of 
Kilauea  shield  (fig.  13.1)  South  of  Uwekahuna  Bluff,  however,  the 
wall  has  a stepped  profile  attributed  to  normal  faulting  (Dutton, 
1884;  Peterson,  1967;  Holcomb,  1981;  de  Saint  Ours,  1982) 

We  report  here  the  results  of  field  and  laboratory  studies  of 
rocks  in  the  Uwekahuna  Bluff  area  of  Kilaueas  summit  caldera. 
Using  chemistry,  field  occurrence,  and  petrography,  we  distinguish 
flows  and  attempt  to  identify  systematic  chemical  variations  in  the 
composition  of  summit  lava  flows.  We  have  examined  the  data  to  see 
whether  they  allow  extension  of  the  secular  chemical  variation 
recognized  for  historical  flows  (Wight,  1971)  further  back  in  time 
and  to  see  whether  they  support  the  hypothesis  that  more  than  one 
long-lived  eruptive  center  was  active  in  the  Kiluaca  summit  area 
during  the  past  several  thousand  years  (Holcomb,  1981) 

Considering  the  proximity  of  Mauna  Loa  surface  lavas  to  the 
present  western  rim  of  Kilauea  caldera  (Peterson,  1967;  J.P. 
Lockwood,  written  commun. , 1980)  we  have  also  scrutinized  the 
data  to  determine  if  any  flow  at  Uwekahuna  Bluff  might  have  come 
from  Mauna  Loa.  Previous  work  has  suggested  that  historical  lavas 
from  Kilauea  and  Mauna  Loa  can  be  distinguished  by  major- 
element  chemistry  (Powers,  1955;  Wnght,  1971;  Basaltic  Vol- 
canism  Study  Project,  1981)  and  rare-earth-dement  chemistry 
(Leeman  and  others,  1977,  1980;  Basaltic  Volcanism  Study  Pro- 
ject, 1981) 

This  study  is  a companion  to  two  others  conducted  con- 
currently. One  focuses  on  the  age,  distribution,  and  eruptive  mecha- 
nism of  the  Uwekahuna  Ash  Member  of  the  Puna  Basak,  a product 
of  large  phreatomagmatic  eruptions  in  the  Kilauea  summit  area 
(Dzurisin  and  Casadevall,  1986;  Lockwood  and  Rubin,  1986) 
The  other  describes  the  distribution  and  petrology  of  intrusive  bodies 
in  Kilauea  caldera  and  assesses  the  importance  of  intrusions  to  the 
growth  of  the  summit  region  of  Kilauea  (Casadevall  and  Dzurisin, 
chapter  14) 


PREVIOUS  STUDIES 

Although  geologic  mapping  of  Kilaueas  summit  area  has 
focused  on  young  surface  flows  (Peterson,  1967;  Walker,  1969; 

351 


U.S.  Geological  Survey  Professional  Paper  1350 


Digitized  by  Google 


352 


VOLCANISM  IN  HAWAII 


FIGURE  13.1.— Aerial  view  looking  toutbwrst  over  Kilauea  caldera  toward  the  east  flank  of  Mauna  Lot.  thawing  location  of  Uwrkahuna  Bluff  section  and  Hawaiian 
Volcano  Observatory  (HVO),  Photograph  by  J.P.  l-ockwood,  U.S.  Geological  Survey. 


Holcomb,  1981)  and  on  the  structural  setting  of  the  summit  region 
(de  Saint  Ours,  I982X  some  studies  have  concerned  the  walls  of  the 
caldera  and  nearby  pit  craters.  Macdonald  described  the  sequence 
of  flows  exposed  at  Uwekahuna  Bluff  (Steams  and  Macdonald, 
1946;  Macdonald,  I949X  Doell  sampled  the  Uwekahuna  section 
for  paleomagnetic  studies  (Doell  and  Cox,  1965,  1 972X  and 
Wnght  (1971)  reported  on  the  chemistry  of  several  of  Doell  s 
samples. 

Steams  and  Macdonald  (1946,  p.  99-111)  placed  the  three 
widespread  tephra  deposits  at  Kilauea  into  a stratigraphic  frame- 
work for  the  volcano.  The  Uwekahuna  Ash  Member  of  the  Puna 
Basalt  is  the  oldest  at  2.1  ka  (Lockwood  and  Rubin.  I986X  At 
Uwekahuna  Bluff  the  ash  is  overlain  by  105-135  m of  lava  flows, 
capped  by  the  mostly  A.D.  1790  Keanakakoi  Ash  Member  and 
by  traces  of  A.D.  1924  lithic  ash. 
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METHODS  OF  STUDY 

We  sampled  and  described  the  succession  of  flows  in  the 
Uwekahuna  Bluff  section  (fig.  13.3)  in  sequence,  starting  imme- 
diately below  the  Uwekahuna  triangulalion  station  on  the  caldera 


rim.  Each  flow  unit  was  marked  with  a small  aluminum  tag  bearing 
the  appropriate  unit  number  so  that  our  sampling  sites  could  be 
precisely  revisited.  We  followed  an  existing  trail  near  the  top  of  the 
section  down  to  about  unit  12,  below  which  we  diverted  to  the  north 
margin  of  a prominent  talus  cone  (fig.  1 3.3)  for  the  remainder  of  the 


Figure.  13.2. 


-Summit  area  at  Kilauea.  showing  the  location  of  segments  at  caldera  wall  examined  in  this  study.  Modified  from  U.S.  Geological  Survey  Kilauea  Crater 

7.5-mimitr  topographic  map.  1981. 
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Mauna  Loa 


Figure  13.3.  — SlratigrsphK  KCtwn  aipcwcd  M Uwtk&huna  Bluff,  wiik  Mimmit  of  M*una  Loa  m distant  background.  Boundaries  of  lava  suites  A-D  and  position  of  ike 
Uwrkahuna  Ash  Member  of  the  f\ina  Basalt  are  indicated.  Selected  units  are  labeled  by  number.  Sampling  route  is  shown  by  diagonal  dashed  line  descending  from 
Uwrkahuna  tmngulation  tower  (UWE}  HVO.  Hawaiian  Volcano  Observatory.  Height  of  cliff,  from  unit  52A  up  to  run.  is  133  m. 


section.  After  our  sampling  of  the  section  in  1980,  an  earthquake  in 
1983  triggered  rockfaUs  that  buried  the  lower  50  m of  the  section, 
including  all  units  below  unit  38  (hg.  I3.3X 

Field  criteria  used  to  delineate  lava  flows  and  to  distinguish 
between  flows  and  sills  include  contact  relations,  particularly  evi- 
dence for  crosscutting  and  deformation  of  host  rocks,  and  the 
textures  of  the  top  and  bottom  surfaces  of  a unit.  Other  features  such 
as  color,  texture,  mineralogy,  and  vesicle  abundance  and  distribu- 
tion, were  occasionally  helpful  in  tracing  a flow  unit.  When  viewed 
from  a distance,  the  section  appeared  to  have  light-colored  sills 
similar  to  the  Uwekahuna  laccolith.  However,  close  examination  of 
these  suspected  sills  invariably  revealed  contact  relationships  that 
indicated  an  extrusive  origin.  We  attempted  to  subdivide  the 
Uwekahuna  Bluff  section  as  thoroughly  as  possible  on  the  basis  of 
held  observations,  while  recognizing  that  petrologic  considerations 
might  eventually  lead  us  to  combine  similar  flow  units  into  more 
generalized  groups  of  flows. 


The  Uwekahuna  Bluff  section  measured  by  Macdonald 
(Steams  and  Macdonald,  1946,  p.  193-194)  differs  from  ours  in 
detail,  perhaps  owing  to  different  criteria  used  to  distinguish  flow 
units  or  to  a different  path  selected  for  descent  to  the  caldera  floor. 

FIELD  OBSERVATIONS 

Major  features  of  the  lava  flows  in  the  Uwekahuna  Bluff 
section  are  summarized  in  table  13.1.  The  stratigraphic  section  at 
Uwekahuna  Bluff  consists  of  at  least  63  flow  units  and  2 thick 
tephra  deposits.  The  section  is  capped  by  the  mostly  A.D.  1790 
Keanakakoi  Ash  Member,  interpreted  as  the  product  of  a large 
phreatomagmatic  eruption  possibly  accompanied  by  partial  caldera 
collapse  (Swanson  and  Christiansen,  1973;  Christiansen,  1979). 
The  basal  part  of  the  Uwekahuna  Ash  Member  exposed  near  the 
bottom  of  the  bluff  section  has  been  assigned  an  age  of  2. 1 ka  on  the 
basis  of  radiocarbon  dating  of  material  from  an  inferred  correlative 
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TaBLE  13.1. — Deu-riptio, n of  rock  unifa  from  Uuxkphana  Bluff  section,  Ktlauca  caldera,  H action 
[a  d . ml  df»WMW*d| 


Unit  MfOcMal  Field  dccnpuon 

(meter*)  (wt  percent) 

Kcauudcakoi  Ash  Member 

0 0. 3-1.0  n.d.  Ash  from  eruption  arc*  A.D  1790 

Suite  A flow* 


1 

0.6 

6.6 

2 

.9 

6.6 

3 

4.9 

6.6 

4 

2.75 

6.8 

5 

1.2 

6-4 

6 

4.25 

6.7 

7 

.9 

6.9 

8 

.6 

6.8 

9 

1.5 

7.0 

10 

3.35 

6.7 

11 

4.1 

7.3 

12 

5.0 

6.3 

13 

.3 

6.6 

14 

.6 

6.4 

Flow  varying  in  thickness  from  0.3  to  1.3  m;  vesicular  pahoeboe  with  sparse  olivine  pbenocrysts;  reddish,  oxidized 
ropy  surface. 

Vesicular  pahoehoc  flow  with  sparse  olivine  phenocrysu. 

Massive  biocky  flow  with  vesicular  top,  dense  interior,  and  olivine  phenocrysu. 

Vesicular,  ropy  bva  flow  with  red,  ropy  top  and  bottom;  well -layered  veskuUnry;  lower  0.6  m of  unit  is  massive, 
dense;  top  and  bottom  flow  surfaces  dip  toward  caldera. 

Vesicular,  ropy  lava  flow;  no  layering  of  vesicles;  similar  to  unit  4;  flow  contacts  dip  toward  caldera. 

Vesicular  lava  flow;  top  of  flow  is  undulating  and  shows  zones  of  veskukrity  about  0.6  m wide;  most  of  flow 
interior  is  dense. 

Vesicular  flow  that  pinches  out  laterally;  notably  lenticular. 

Similar  to  flow  7. 

Similar  to  flow  7. 

Dense  vesicular  flow  with  rare  zones  0.6- 0.9  m thick,  of  dense  non  vesicular  material;  lower  1.3  m is  made  of  1-3 
reddish,  oxidized,  vesicular  layers;  base  of  unit  n glassy. 

Dense  flow  with  rubbjty,  biocky  aspect  near  top;  in  small  gully,  flow  dips  steeply  toward  crater,  and  measurement  of 
true  thickness  is  difficult 

Flow  that  dips  toward  caldera  27*-33°;  rubble  and  talus  cover  in  gully;  large  blocks  and  boulders  cover  this 
interval. 

Thin  flow  with  glassy  top  and  bottom. 

Thin  flow  with  glassy  top  and  bottom  overlying  reddish,  highly  oxidized  zone. 


15 

1.7-10.5 

7.0 

16 

.8 

7.3 

17 

2.3 

7.5 

18 

3.3 

7.4 

19 

1.45 

7.1 

20 

.65 

7.2 

21 

2.5 

7.4 

22 

.8 

6.7 

23 

.9-1.5 

6.9 

24 

1.4 

7.7 

25 

2.1 

80 

26 

4.4 

7.8 

27 

4.3 

7.0 

28 

2.4 

7.5 

29 

2.1 

7.3 

30 

1.9 

7.4 

31 

2.3 

17.6 

32 

1.5 

18.1 

33 

6,9 

17.2 

34 

1.5 

14.5 

35 

2.5 

13.7 

36 

3.3 

13.2 

37 

3.0 

17.3 

38 

2.4 

9,0 

39 

2.3 

14.5 

40 

3.0 

10.1 

41 

3.1 

14.0 

42 

1.3 

19.7 

Suite  B flows 


Prominent  red,  oxidized  layer  with  sharp  upper  contact;  does  not  extend  to  south;  may  be  faulted  out  or  covered  by 
rubble;  may  indude  several  flows;  oxidation  occurs  on  fracture  surfaces  and  m vesicles;  flows  dip  toward  caldera 
(maximum  dip,  40%  average  dip,  25');  reddish  layers  have  a total  thickness  of  10.5  in;  abundant  loose  blocks 
make  it  difficult  to  distinguish  true  bedrock. 

Distinct,  thin  flow  unit  with  glassy  top  and  bottom. 

Light -gray  rock  with  tiny  olivine  pbenocrysts  and  irregular-shaped  vesicles . 

Massive  flow  with  glassy  top  and  bottom  and  dense  zones  or  binds  of  non  vesicular  material. 

Flow  with  prominent  irregular  vesicles  as  large  aa  3 cm  near  top;  rests  on  red,  oxidized  flow  top  that  extends  into 
chff  face  to  north. 

Thin  flow,  brownish  gray  and  vesicular,  that  arches  over  an  eye-shaped  massive  lens  I tumulus? 1 and  is  overlain  by 
prominent  red,  oxidized  flow  top 

Massive  lens,  thins  rapidly  to  north. 

Unit  composed  of  four  thin,  glassy  vesicular  flows  with  cUsay  tops 

Unit  of  varying  thickness,  perhaps  multiple  flow  units;  highly  vesicular  with  glassy  Sow  tops  and  bottoms;  thickens 
to  north. 

Vesicular  flow  with  glassy  top  and  red,  cuudtzed  glassy  bottom;  surface  dips  toward  caldera. 

Lens-like  massive  flow  that  thickens  toward  gully  to  south;  may  be  an  i tinned  pahoeboe  flow, 

Massive  lens,'?)  of  lava  between  two  red,  oxidized,  vesicular  flow  contacts,  open  vug*  as  large  as  1 cm;  pipe  vesicles 
in  lower  2 m of  flow. 

Several  thin  (les*  than  1 m)  red  flows;  highly  vesicular;  flow  contacts  dip  3 7* -39s  and  strike  N.  35'  E;  this  unit  may 
be  a tumulus. 

Brown  flow  with  irregular  vesicles  as  large  as  2 cm  near  top  and  dense  interior  with  well -developed  pipe  vesicles;  no 
coarse-grained  zones;  vesicles  throughout;  from  a distance  this  unit  may  appear  to  be  intrusive;  to  south  this  unit 
dips  into  gully;  to  north  unit  appears  to  thicken  but  n in  diff  face  and  not  accessible  for  measurement. 

Similar  in  appearance  to  unit  28;  massive,  vesicular,  brown,  with  glassy  vesicular  top;  note  5 poleocnagnctic  drill 
holes  8X080  to  8 X 084;  unit  has  prominent  red,  oxidized  top  and  bottom  surfaces  that  dip  2r~24‘  towards 
caldera  and  strike  N.  38’  E;  this  unit  may  be  a tumulus. 

Massive  flow  that  thickens  to  3. 1 m in  a 5-m  lateral  distance;  vesicular  throughout  and  highly  fractured;  brown-red 
color;  a single  flow  with  nearly  horizontal  top,  to  north  along  the  cliff  face  unit  appears  more  dense. 


Suite  C flows 


Package  uf  thin,  collapsed,  shelly  pahoeboe  flows  with  excellent  continuity  to  the  north,  highly  vesicular  with  some 
ropy  surfaces;  individual  flows  (rum  4- 10  cm  in  thickness,  portions  of  unit  contain  abundant  olivine  phenocrysu 
• 20  percent;  as  large  as  5 mm. 

Dense  lava  flow  with  obvious  northward  continuity  and  abundant  olivine;  paieomagnetK  drill  holes  8 X075-8  X079. 

Prominent  unit  of  numerous  thin  flows,  probably  collapsed  shelly  pahoeboe,  flows  highly  vesicular,  reddish, 
oxidized  material,  very  friable,  abundant  olivine;  flows  dip  about  5"  away  from  caldera. 

Prominent  thin,  dense,  oil  vine-bearing  lava  flow,  moderately  vesicular,  pakomagnetic  drill  holes  8 X070-8  X 074; 
unit  extends  to  north  along  cliff  face. 

Thin  flows  of  collapsed  shelly  pahoehoc  with  prominent  olivine  phenocrysu  ,5-10  percent);  unit  dips  22°  toward 
caldera. 

Massive  gray  flow  unit  with  lalcral  continuity  to  north;  vesicular  with  prominent  curving  fractures;  pakomagnetic 
drill  holes  8X065-8X069;  contains  kss  olivine  (up  to  5 percent  pbenocrysts  as  large  as  J mm  than  overlying 
units. 

Gray-brown  massive  flow  unit  with  Urge  vesicks  near  ton  and  dense  interior;  dips  I O'  toward  caldera;  poor  lateral 
continuity,  may  be  a lens;  paleonugnetic  drill  holes  8 X 060-8  X 064. 

Flow  that  utterfingers  with  unit  37  to  north,  where  units  become  difficult  to  distinguish;  both  have  red,  oxidized 
tops. 

Unit  composed  of  several  thin  horizontal  layers  0 .2-0.3  m thick,  abundant  < 10  percent!  ulvuw  phenocrysu  as  Urge 
as  4 mm,  pakoougnctK  drill  holes  1DU70- 1D075. 

Massive,  vesicular  unit  that  becomes  indistinct  to  north;  contains  abundant  olivine  (5  percent)  as  large  as  2 mm  but 
mostly  less  than  l mm. 

Vesicular  unit  (hat  looks  like  aa  flow,  tumble  of  thin  flows,  and  rubbk;  lower  contact  is  red  surface;  contact  with 
overlying  flow  is  indistinct;  contains  abundant  (5-10  percent)  olivine  as  large  as  3 mm 

Dense,  vesicular  flow  above  Uwckahuna  Ash  Member;  pakomagnetic  dnll  holes  ID076-ID083;  abundant  (10-15 
percent  , olivine  phene*  rots  with  some  lenses  and  pods  containing  as  much  as  50  percent  olivine 
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Tahiti  13.1. — Description  of  rod(  umb  from  Uwdfahuna  Muff  section,  Kiicuea  caldera,  H (Xi'an — Continued 


Unit 

Thickness 

(merer*) 

MgO  content 
(wl  percent! 

Field  description 

Beneath  unit  42 

43 

1.5-2. 2 

6.5 -9.7 

Uwekahuna  Adi  Member. 

Flows  of  suite  C ponded  against  Uwekahuna  Ash  Member 

44 

3.6 

9.2 

45 

7.1 

13.0 

46 

1.8 

13.3 

47 

1J 

13.0 

48 

3.2 

9.8 

49 

.6 

10.4 

50 

2.7 

10.1 

51 

2.0 

7.5 

44A 

0.6 

0-d. 

45A 

2.4 

n.d. 

46A 

1.6 

n.d. 

47A 

2.4 

7.1 

48A 

4.2 

n.d. 

49A 

1.8 

n.d. 

50A 

2.5 

7.4 

51A 

4.2 

n.d. 

52A 

2.2 

7.8 

53A 

4.1 

n.d 

Upper  0.9  m,  red  rubble  and  vesicular  flow  with  pipe  vesicles;  middle  1 .2  m,  massive  flow  with  large,  irregular 
vesicks;  lower  i 5 m,  dense,  massive  Sew  unit  with  finger-shaped  gas  vesicles. 

Thick,  massive  unit  overlain  by  0.2-0. 6 m.  of  reddish  rubble;  unit  comaim  trains  of  vesicles  in  middle  1.5-2  m, 
olivine  phenocrysts  as  large  as  S mm  locally  make  up  10-15  percent  of  rock;  obvious  lateral  continuity  to  north, 
flow  has  shattered  or  fractured  appearance;  bottom  of  unit  rests  on  red,  rubhly  oxidized  flow  top. 

Red,  vesicular,  blockv  flows;  several  lobes  of  one  or  more  flows,  each  with  a wd I- preserved  black  glassy  surface; 
fractured,  with  abundant  olivine 

Gray-green  massive  flow  with  large  irregular  vesicles;  olivine  nhenocrysta  as  large  at  7 mm  make  up  about  15 
percent  of  rock;  lower  contact  is  glassy  top  of  underlying  flow  unit  48. 

Gray-green  vesicular  massive  flow  with  abundant  olivine  as  large  as  3 mm. 

CHi vine- rich  (phenocrysu  as  large  as  2 mm)  paboehoe  flow  overlying  an  aa  flow. 

Aa  flow;  top  1.5  m is  rubble  overlying  dense  interior,  white  sublimates  an  surface  of  blocks  in  rubble. 

Dense  flow  overlying  ash;  contains  port  tons  of  what  may  be  foundered  crust- 


Uwekahuna  Ash  Member  beneath  unit  51 

“ 

4.8 

“ 

Uwekahuna  Ash  Member  here  is  1 .4  m thick;  base  of  ssh  covered  by  3.4  m of  talus  extending  down  to  1919  flows 
on  caldera  floor. 

Suite  D flows 

Scoriaceous  rubble;  possibly  an  aa  fluw  top  or  scoria  from  nearby  vent. 

Massive,  non  porphynuc,  vesicular  lava  flow;  lower  1.5  tn  forms  prominent  bench 

Mantled  rubble,  possibly  infiltrated  by  tephra  from  unit  43;  lower  contact  indistinct  and  highly  mod  wed,  with  some 
smooth,  glassy  paboehoe?!  surfaces. 

Prominent  massive  flow  clcarty  visible  in  fig  13.3;  fine-grained  and  vesicular,  with  weathered  surface  that  is  light 
colored;  two  pakomagnetic  drill  holes  1 .2  tn  from  lower  contact,  others  may  be  covered  by  talus  from  the 
November  19/5  earthquake;  sample  from  dense  lower  portion  of  flow  near  pakomagnctic  notes. 

Rubble-covered  fluw;  massive  and  vesicular;  interior  mostly  covered  by  talus  and  ash  from  above,  but  appears  to  be 
dense  and  blocky ; two  pakomagnetic  drill  holes  tn  lower  portion  ot  unit  may  be  in  an  erratic  boulder. 

Massive,  vesicular  lava  flow  with  buff  weathered  surface;  flinty  or  glassy  surface  at  top;  unit  contains  eight 
pakomagnetic  drill  holes  about  20  cm  from  lower  contact. 

Massive  flow  unit  with  both  vesicular  and  dense  portions;  dark  gray  in  fresh  outcop,  but  buff  on  weathered  surface; 
sampled  near  base  of  flow. 

Flow  1.5  m below  base  of  unit  50A;  surface  dips  32'  toward  caldera;  moat  of  interval  is  covered  by  rubble  and  talus 
overlying  massive , buff  unit  52A. 

Massive,  dense  unit  at  base  of  section;  contains  unusual  texture,  similar  to  that  of  foundered  crust  from  Kilauea  Iki 
drill  holes— dense  non  -vesicular  lenses  interlayed  with  vesicular  material;  samples  from  middle  of  unit. 

Talus-covered  slope  to  caldera  floor,  which  here  consists  of  1919  flow. 


unit  outside  of  the  caldera  (Lockwood  and  Rubin,  I986X  Based  on 
the  wider  dispersal  of  the  Uwekahuna  Ash  Member,  its  eruptions 
were  probably  more  violent  than  eruption  of  the  Keanakakoi 
(Dzurisin  and  Casadevall,  1986). 

Flows  in  the  Uwckahuna  Bluff  section  can  be  grouped  into 
four  suites  differing  in  hand -specimen  mineralogy  and  field  occur- 
rence (fig.  I3.3X  Suite  A (units  I-I4X  at  the  top  of  the  section, 
includes  numerous  thin  lenticular  pahochoe  Bows  containing  small 
(less  than  5 mm)  plagioclase  laths  and  rare  olivine  phenocrysts.  A 
few  thicker  and  more  massive  flows  occur  in  this  suite,  but  these 
usually  lack  the  lateral  persistence  of  similar  massive  flows  lower  in 
the  section. 

Suite  B (units  15-30)  consists  of  flows  that  contain  rare 
phenocrysts  of  olivine  and  plagioclase.  The  glassy  upper  surface  of 
flow  15,  the  youngest  tn  suite  B.  is  strongly  weathered  and  pale 
yellow  to  red-brown.  The  texture  of  this  surface  is  preserved,  and  no 
soil  was  found  on  it.  This  weathered  surface  is  the  only  physical 
evidence  we  discovered  for  a significant  time  break  within  the 
Uwekahuna  Bluff  section;  it  correlates  with  the  change  from  the 
mostly  aphync  flows  of  suite  B to  the  porphyritic  flows  of  suite  A. 

Suite  C (units  31-42  and  44  51;  unit  43  is  the  Uwekahuna 
Ash  Member)  contains  flows  having  abundant  olivine  phenocrysts 
and  little  or  no  plagioclase  visible  in  hand  specimen.  ITie  olivine 


content  in  individual  flows  varies  greatly  and  probably  reflects 
crystal  settling  during  flow  (Fuller,  I939X  We  generally  selected 
only  one  sample  from  each  flow,  and  this  is  insufficient  to  charac- 
terize the  olivine  content  of  the  entire  flow.  Several  units  consist  of 
packages  of  thin  (a  few  centimeters  thick)  highly  vesicular  layers 
interpreted  as  near- vent  shelly  pahoehoe  flows  that  collapsed  because 
of  degassing  and  the  weight  of  overlying  flows  (Swanson,  1973X  A 
few  units  (for  example,  unit  36)  are  more  massive  and  have  dense 
interiors.  These  usually  have  appreciable  lateral  continuity  and  can 
be  traced  northward  in  the  wall  for  as  much  as  2 km. 

The  Uwekahuna  Ash  Member  (unit  43)  underlies  suite  C. 
Along  the  south  side  of  Uwekahuna  Bluff,  the  ash  directly  underlies 
unit  42,  about  35  m above  the  caldera  floor  (fig.  I3.3X  Farther 
north,  the  ash  mantles  an  old  northeast -facing  slope  and  drops  to 
within  a few  meters  of  the  caldera  floor  (fig.  I3.3X  Ponded  against 
this  slope  and  overlying  the  ash  are  olivine-rich  aa  and  pahoehoe  lava 
flows  (units  44-51X  which  petrographically  and  chemically  resem- 
ble units  31  -42. 

Suite  D (units  44A-52A)  contains  fairly  massive  and  spar- 
sely vesicular  aphync  flows  beneath  the  Uwekahuna  Ash  Member. 
Most  are  poorly  exposed  because  of  mantling  by  talus  and  ash  from 
above.  The  near  absence  of  olivine  phenocrysts  makes  these  flows 
petrographically  distinct  from  those  of  suite  C.  Rows  of  suite  D are 
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exposed  in  a 30-m-thick  section  that  is  cut  off  by  a northeast-facing  1 
slope  mantled  by  the  Uwekahuna  Ash  Member  and  buried  by  the 
flows  of  suite  C (fig.  13.3).  North  of  Uwekahuna  Bluff,  the  ash  is 
essentially  horizontal  and  extends  for  more  than  1 . 5 km  at  a constant 
level  above  the  caldera  floor  (Powers,  1948),  which  level  corre- 
sponds to  the  lower  elevation  of  the  ash  in  the  bluff  section.  The 
horizontal  ash  layer  probably  covered  a broad,  relatively  flat 
surface,  similar  to  that  of  the  present  caldera  floor. 

PETROGRAPHY 

We  examined  57  thin  sections  of  rocks  from  Uwekahuna  Bluff. 
Nearly  all  samples  contain  olivine  phenocrysts  in  a holohyaline  to 
holocrystalline  groundmass.  Most  groundmass  textures  are  interser- 
lal.  with  brown  glass  between  microliles.  Intergranular  texture  is 
most  common  m the  dense  flow  interiors,  particularly  in  those  from 
picritic  units  44-51.  Crystallinity  ranges  from  about  25  to  85  j 
percent.  In  the  more  crystalline  samples,  the  groundmass  consists  of  , 
clinopyroxene  and  plagioclase  in  overlapping  or  felted  microlites  too 
small  for  individual  crystals  to  be  recognized.  Most  samples  contain 
dark  brown  glass  and  scattered  small  anhedrai  opaque  grains. 
Olivine  is  present  as  euhedral  to  subhedral  phenocrysts  that  range  in 
shape  from  stout  and  prismatic  to  elongate  and  lathlike.  In  most 
flows,  a few  olivine  crystals  occur  in  the  microcrystalline 
groundmass.  The  olivine  microlites  and  phenocrysts  are  in  general 
partly  resorbed  and  corroded.  Clinopyroxene  and  plagioclase  occur 
as  coarse  granular  aggregates  of  subhedat  crystals  in  which  pyroxene 
subophiticaliy  or  ophitically  encloses  plagioclase,  as  rosettes  or 
sprays  of  clinopyroxene  and  plagioclase,  and  less  commonly  as 
individual  phenocrysts  and  microlites. 

Modal  abundances  for  thin  sections  from  21  flows  were 
determined  by  standard  point-count  methods  (fig.  13.4).  Microlites 
(0.05-1  mm)  of  plagioclase.  clinopyroxene,  and  olivine;  phe- 
nocrysts (greater  than  I mm)  of  plagioclase,  clinopyroxene,  and 
olivine;  groundmass  (microlites  less  than  0.05  mm);  and  vesicles 
were  counted.  Hypersthene  was  looked  for  but  not  found.  Flows  of 
suite  C form  a distinct  cluster  because  of  their  high  olivine  content. 
-Flows  of  suites  B and  D contain  only  sparse  olivine  and  plagioclase, 
and  flows  of  suite  A are  similar  to  the  aphyric  lavas  except  in  their 
greater  abundance  of  plagioclase. 

CHEMISTRY 

The  basalt  lavas  of  Uwekahuna  Bluff  are  olivine  tholeiitc 
similar  to  other  Kilauea  summit  flows  (Macdonald,  1949;  Wright, 
1971;  Wright  and  Tilling.  1 980X  Units  1-51  and  47 A,  50A,  and 
52A  were  analyzed  for  major-element  composition  by  rapid  rock- 
analytical  methods  (Shapiro,  1975)  and  for  trace-element  and  rare- 
earth-element  compositions  by  instrumental  neutron-activation 
(Baedecker,  1979)  and  atomic-absorption  techniques  (table  I3.2)l 
Precisions  for  major-element  oxides  (variation  m percent  of  reported 
weight  percent  value)  in  rocks  of  basaltic  composition  are  as  follows: 

Si02  (0.3X  Al20,  (0.2X  CaO  (0.2X  MgO  (0.1X  Na20  (O.IX 
K20  (O.IX  Fe  total  (O.IX  TiQ2  (0.05X  P20,  (0.04X  MnO 


(0.04X  Error  limits  (variation  in  percent  of  reported  ppm  value)  for 
trace-element  analyses  for  one  standard  deviation  (one  sigma)  are  as 

follows:  Ba  ( 1 0-20X  Co  ( I X Cr  ( I X Hf(2X  Rb  (25-30XTa(3X 
Th  (6-I2X  Zn  (2X  Zr  (I0X  Sc  (IX  La  (I-2X  Ce  (2X  Nd 
(7-I7X  Sm  (IX  Eu(IXGd(8-25XTb(2-3XTm(5-l5X  Yb 
(3X  Lu  (3X  For  Cu,  Co,  and  Ni  values  determined  by  atomic 
absorption  methods,  uncertainties  are  ±2  percent  of  reported  ppm 
value.  To  facilitate  comparison  of  chemical  data,  we  have  recalcu- 
lated all  analyses  from  table  13.2  on  a dry- weight  basis  after 
converting  iron  to  FcO,  (FeOl  = FeO  + 0.9Fe2O3X  The  recalcu- 
lated analyses  are  plotted  on  MgO  variation  diagrams  (fig.  I3.5X 
following  Powers  (1955)  and  Wright  (1971,  I974X 

MAJOR-ELEMENT  CHEMISTRY 

The  major-element  compositions  of  units  I - 30  (suites  A and 
B)  and  47A,  50A,  and  52A  (suite  D)  are  broadly  similar  (fig. 
I3.5A)  and  vary  only  slightly  with  stratigraphic  position  (fig. 
I3.6A)  The  MgO  contents  in  all  these  units  he  between  6.4  and 
8.0  weight  percent  (table  I3.2X  Flow  units  31  through  51  (suite  CX 
however,  contain  various  amounts  of  olivine,  and  their  MgO  contents 
range  from  7.5  to  19.7  weight  percent.  The  chemistries  of  units 
31—51  show  considerable  variation  with  stratigraphic  position  (fig. 
1 3.6A)  because  of  differing  olivine  contents  within  each  picritic  flow. 
This  wide  range  in  olivine  content  for  the  picritic  flows  of  suite  C 
facilitates  precise  calculation  of  olivine-control  lines  by  linear  least- 
squares  regression.  This  procedure  yields  equations  of  the  form 
y = ax  + b,  where  y is  the  major  oxide  or  element,  x is  the  MgO 
content,  a is  the  slope,  and  b is  the  y intercept  value  at  MgO  = 0 
weight  percent  (table  I3.3X  Most  oxides  correlate  negatively  with 
MgO  (fig.  13. 5AX  indicating  the  diluting  effect  of  increasing  olivine 
content  on  dements  that  do  not  enter  the  olivine  crystal  structure. 


OLIVINE 


PLAGIOCLASE  CLINOPYROXENE 

FIGURE  13.4, — Ternary  diagram  (cbnopytoaene-olmne-plagiodate)  derived  front 
volumrtiK  modal  analyte*  (1,000  puml*  per  thin  teeiion)  of  21  fiom 

Uwrfcahuna  Bluff  section. 
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Table  13.2. — Chemical  analytes  of  Uuxifqhuna  Blilff  samples 

[Value*  (or  onde*  an  weight  pncni,  value*  (or  trace  element!  *>  part*  per  rrulboe  Symbol*  P,  X.  O.  A.  and  U uaed  to  dnlmguiib  lava  *uitet  A - D and  Lnirltihimi  A*h  Member.  r**pectiveiy.  « 
by*.  13.4-13  6 and  13.10.  INAA,  neutron- activation  anaiyuu,  AA,  atomic  absorption  anatys*;  n.d.,  not  determined;  <,  le*«  thaa] 


Sample 

symbol 

iixre-i 

UWE-2 

UWE-J 

UWE-4 

UWE-5 

L'WE-6 

UWB-7 

OWE-* 

EWE-9 

EWE  10 

EWE- 11 

EWE-12 

p 

P 

P 

P 

P 

P 

P 

P 

P 

P 

P 

P 

SiO, 

50,8 

51.1 

51.0 

50.4 

51.6 

51.1 

51.2 

51.2 

51.3 

50.8 

50.4 

51.3 

aiA 

14.0 

14.0 

13.8 

13.9 

13.8 

13.8 

13.7 

13.6 

13.9 

13.8 

13.6 

13.8 

&?■ 

2.5 

5.7 

2.9 

6.7 

5.3 

5.2 

6.6 

4.3 

4.1 

4.5 

3.2 

6.7 

8.9 

5.9 

9.1 

5.8 

7.4 

7.2 

5.6 

7.5 

7.7 

8.0 

8.4 

5.7 

MgO 

6.6 

6.6 

6.6 

6.8 

6.4 

6.7 

6.9 

6.8 

7.0 

6.7 

7.3 

6.3 

CaO 

10.5 

10.7 

10.6 

10.5 

10.6 

10.7 

10.7 

10.7 

10.5 

10.7 

11.2 

10.7 

Na«0 

K-O 

2.5 

2.3 

2.4 

2.4 

2.5 

2.4 

2.4 

2.4 

2.4 

2.5 

2.3 

2.5 

.47 

.44 

.47 

.46 

.46 

.47 

.44 

.44 

44 

.45 

.42 

.42 

H.O 

TtO, 

.16 

.21 

,16 

.18 

.03 

30 

.15 

.10 

.11 

.17 

.12 

.29 

2.6 

2.5 

2.6 

2.5 

2.6 

2.6 

2.4 

2.6 

2.4 

2.5 

2.3 

2.6 

?&6 

.31 

.32 

.32 

.31 

.32 

.30 

.29 

.31 

.30 

.31 

.29 

.32 

.22 

.16 

.18 

.20 

.18 

.17 

.17 

.17 

.18 

.17 

.16 

.18 

Ba 

152 

104 

13$ 

144 

106 

139 

132 

111 

104 

116 

105 

124 

Co  (INAA) 

43 

43 

43 

42 

43 

42 

44 

44 

43 

43 

44 

43 

Co  (AA) 

44 

44 

44 

46 

42 

44 

43 

46 

44 

42 

42 

44 

Cr 

353 

336 

309 

338 

313 

327 

366 

331 

351 

313 

354 

235 

Ni 

% 

100 

93 

91 

80 

91 

no 

98 

100 

87 

93 

82 

Cu 

130 

120 

99 

130 

130 

95 

120 

130 

130 

120 

92 

140 

HT 

4.06 

3.93 

4.05 

3.85 

4.13 

4.00 

3.85 

4.02 

3.92 

4.00 

3.57 

4.05 

Rb 

<8 

<20 

16 

10 

9 

12 

15 

13 

13 

14 

<20 

8 

Ta 

.94 

.96 

.95 

.86 

.97 

.92 

.88 

.86 

.81 

.91 

.83 

.85 

Th 

.98 

.84 

94 

.88 

.90 

.83 

.92 

.79 

.90 

.89 

.82 

.83 

U 

<0.3 

<0.3 

<0.3 

<0.3 

.5 

<0.3 

<0.3 

<0.3 

<0.3 

<D.3 

<0.3 

<0.4 

Zo 

112 

108 

111 

105 

118 

111 

108 

113 

no 

no 

109 

116 

Zr 

152 

164 

181 

158 

152 

159 

138 

159 

151 

182 

145 

117 

Sc 

31.0 

31.0 

30.7 

30.8 

32.1 

30.7 

30.6 

31.6 

31.0 

31.7 

33.4 

33.0 

La 

12.7 

12.7 

12.9 

11.9 

12.8 

11.8 

11.7 

11.8 

11.6 

11.8 

10.8 

10.9 

Cc 

31.6 

29.9 

30.3 

28.5 

31.3 

29.5 

29.5 

28.9 

28.2 

29.7 

26.5 

27.8 

Nd 

19 

21 

20 

12 

22 

20 

20 

21 

22 

24 

20 

18 

Sid 

5.83 

5.76 

5.89 

5.66 

6.09 

5.66 

5.68 

5.81 

5.57 

5.80 

5.28 

5.80 

Eu 

1.93 

1.89 

1.91 

1.83 

2.04 

1.88 

1.90 

1.92 

1 89 

1.92 

1.78 

1.93 

Gd 

5.8 

6.6 

5.8 

6.1 

7.4 

6.4 

5.8 

6.4 

7.1 

6.9 

5.9 

6.0 

Tb 

1.02 

.96 

.98 

.96 

1.02 

.95 

.92 

.96 

.88 

1.00 

.88 

1.01 

Tin 

.33 

.17 

.29 

.29 

.31 

.35 

.34 

.39 

.34 

.39 

.34 

.41 

Yb 

2.22 

2.25 

2.18 

2 26 

2.48 

2.17 

2.25 

2.31 

209 

2.18 

2.08 

2.48 

Lu 

.311 

.299 

.308 

.301 

.307 

.290 

,294 

.309 

.287 

.319 

.296 

.340 

Sam  Dk 
symbol 

UWE-IJ 

CWE-14 

UWB-IS-I 

tiWE-15-2 

UWE-lt 

11WE-I7 

EWE  19 

EWE-20 

UWE-21 

UWE-22 

EWE-2J 

P 

P 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

SiO, 

AlA 

51.4 

50.8 

51.6 

51.2 

50.3 

51.1 

51.7 

50.8 

50.4 

51.3 

50.4 

50.7 

13.7 

14.0 

13.5 

13.7 

13.7 

13.7 

13.6 

13.6 

13.1 

13.4 

13.6 

13.3 

Fe,0, 

FeO 

7.7 

4.9 

4.4 

3 3 

4.1 

3.4 

2.6 

5.1 

4.8 

3.0 

4.0 

3.0 

5.2 

7.4 

8.1 

8.6 

8.1 

8.7 

9.1 

6.5 

7.3 

9.4 

8.1 

9.4 

MgO 

6.6 

6 4 

7.0 

6.5 

7.3 

7.5 

7.4 

7.1 

7.2 

7.4 

6.7 

6.9 

CaO 

10.7 

10.6 

10.5 

10.6 

10.6 

10.7 

10.6 

10.6 

10.8 

10.9 

10.8 

10.8 

Na,0 

2.5 

2.4 

2.4 

2.3 

2.3 

2.3 

2.3 

2.3 

2.3 

2.3 

2.4 

2.3 

K.O 

.44 

.43 

.40 

.40 

.38 

.38 

.39 

.38 

.42 

.42 

.46 

.47 

H.O 

TiO, 

.06 

.10 

.05 

.09 

.14 

.11 

.07 

.52 

.29 

.14 

.25 

.03 

2.6 

2.5 

2.6 

2.5 

24 

2.4 

2.4 

2.4 

2.4 

2.5 

2.7 

2.7 

.32 

.30 

.31 

.28 

.30 

.30 

.29 

.28 

.30 

.30 

.31 

.30 

18 

.18 

.17 

.17 

.17 

.16 

.17 

.17 

.17 

.17 

.18 

.17 

Ba 

90 

97 

<200 

81 

108 

83 

89 

105 

115 

118 

137 

129 

Co  (INAA) 

42 

41 

45 

44 

46 

45 

46 

45 

44 

46 

45 

45 

Co  (AA) 

42 

42 

44 

44 

46 

48 

46 

48 

44 

46 

44 

48 

Cr 

266 

235 

415 

287 

354 

386 

354 

351 

344 

316 

252 

265 

Ni 

91 

84 

100 

% 

100 

110 

110 

100 

no 

no 

80 

87 

Cu 

140 

140 

120 

110 

120 

100 

110 

120 

120 

98 

140 

120 

Hf 

3.74 

3.76 

3 68 

3.81 

3.67 

3.48 

3.66 

3.67 

3.59 

4.00 

4.05 

4.06 

Rb 

12 

9 

<20 

<20 

<20 

11 

<20 

<20 

<20 

12 

11 

<20 

Tk 

.80 

.76 

.74 

.77 

.74 

.75 

.77 

.75 

.79 

.86 

1.05 

.99 

Th 

.73 

.83 

.66 

.74 

.74 

.70 

.77 

.71 

.69 

.74 

.91 

.91 

U 

<0.3 

0.30 

<0.4 

<0.4 

<0.4 

<0.3 

<0.4 

<0.4 

<0.4 

<0.4 

0.30 

<0.4 

Zn 

110 

110 

113 

109 

107 

109 

108 

113 

104 

no 

113 

113 

Zr 

no 

161 

148 

120 

142 

152 

132 

129 

135 

121 

149 

140 

Sc 

32.0 

31.4 

32.4 

33.1 

33.0 

32.1 

32.4 

32.0 

31.8 

33.5 

32.8 

32.3 

La 

10.7 

10.8 

10.1 

10.4 

9.9 

10.2 

10.5 

10.4 

10  5 

13.0 

12.1 

12.8 

Cc 

26.5 

26.8 

25.6 

26.5 

25.8 

25.6 

266 

26.0 

26.8 

27.9 

31.1 

30.4 

Nd 

16 

21 

18 

19 

16 

19 

19 

19 

19 

23 

20 

23 

Sm 

5.61 

5.70 

5.50 

5.44 

5.26 

5.26 

5.40 

5.40 

5.40 

5.80 

5.90 

5.90 

Eu 

1.83 

1.85 

1.82 

1.82 

1.76 

1.75 

1.79 

1.76 

1.77 

1.87 

1.94 

1.95 

Gd 

7.1 

7.1 

5.5 

5.4 

6.2 

6.7 

6.1 

6.1 

5.8 

4.3 

7.9 

7.5 

Tb 

.93 

.94 

.97 

.96 

1.01 

.91 

.95 

.93 

.94 

.98 

.99 

.95 

Tm 

.35 

.39 

.38 

.35 

.33 

.32 

-31 

.26 

.33 

.30 

.43 

29 

Yb 

2.25 

2.34 

2.35 

2.12 

2.19 

2.17 

2.27 

2.10 

2.03 

2.42 

2.37 

2.20 

Lu 

.340 

.319 

.312 

.299 

.303 

.301 

306 

.301 

.301 

.300 

.301 

.322 

Sample 

tvmbol 

UWE-24 

UWE  25-1 

UVE  25-2 

l'WE-26 

L'WE-27 

L’WE-28 

EWE -29 

EWE- JO-1 

UWE-JO-2 

UWE-31 

I/WE-J2 

EWE-1J 

X 

X 

X 

X 

X 

X 

X 

X 

X 

O 

O 

O 

SiO, 

ajA 

50.0 

507 

50.6 

509 

50.6 

50.5 

50.8 

50.5 

50.8 

47.6 

47.7 

47.7 

13.4 

13.5 

13.3 

13.3 

13.7 

13.5 

13.2 

13.3 

14.0 

9.9 

10.2 

10.1 

&$’’ 

4.4 

2.6 

3.3 

4.0 

69 

4.7 

5.3 

5.0 

3.3 

3.4 

3.2 

6.0 

8.1 

9.4 

9.2 

8.7 

6.0 

8.0 

7.6 

7.1 

8.5 

8.5 

8.7 

6.9 

M*0 

7.7 

8.0 

7.8 

7.8 

7.0 

7.5 

7.3 

7.4 

6.5 

17.6 

181 

17.2 

CaO 

11.1 

11.4 

11.1 

10.9 

11.0 

10  9 

1 1.0 

109 

10.6 

7.9 

9.0 

9.0 

NijO 

2.0 

2.3 

2.3 

2.2 

2.4 

2 5 

2.5 

2.2 

2.5 

1.5 

1.6 

1.6 
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TABLE  13.2. — CKamcal  analyses  of  Uu)d(ahuna  Bluff  sample* — Continued 


S unfit 
symbol 

UWE-l 

UWE- 2 

UWE-3 

UWE-4 

UWE-1 

UVE-6 

UWE-7 

UWE-I 

UWE-9 

UWE  10 

UWE-I  1 

UWE- 12 

P 

P 

P 

P 

P 

P 

P 

P 

P 

P 

P 

P 

KjO 

45 

.43 

.43 

.42 

.44 

.50 

.47 

.43 

.45 

.30 

.29 

.30 

H,0 

TiOj 

.14 

.08 

.50 

.07 

.23 

.24 

.09 

.22 

.12 

.41 

19 

.28 

2.1 

2.4 

2.4 

2.4 

2.6 

2.5 

2.6 

2.5 

2,5 

18 

1.8 

1.9 

mSo 

.29 

.26 

.28 

.28 

.29 

.29 

.31 

.29 

.31 

.18 

.21 

.23 

.20 

.18 

.17 

16 

.18 

-17 

,18 

18 

.17 

.16 

.15 

.17 

Ba 

106 

114 

108 

131 

142 

132 

155 

151 

95 

n.d. 

140 

% 

Co  (INAA) 

46 

4S 

47 

48 

44 

45 

46 

45 

43 

n.d. 

76 

72 

Co  (AA) 

49 

49 

48 

49 

46 

46 

44 

44 

44 

n.d. 

74 

74 

O 

403 

440 

456 

461 

321 

332 

346 

372 

309 

n.d. 

1100 

1040 

Ni 

no 

120 

120 

130 

89 

% 

100 

110 

89 

760 

740 

Cu 

120 

95 

91 

NO 

120 

130 

120 

130 

NO 

90 

96 

Hf 

3.83 

3.57 

3.61 

3.69 

3.90 

3.97 

3.86 

3.74 

4.01 

298 

295 

Rb 

IS 

<20 

<20 

13 

13 

12 

<20 

<20 

<10 

n.d. 

<20 

14 

Ta 

.92 

.82 

84 

.94 

1,01 

98 

1.01 

1.02 

.85 

n.d. 

.72 

.75 

Tb 

-8* 

.88 

M 

.88 

99 

84 

86 

.85 

.81 

n.d. 

.52 

.60 

U 

<0.4 

<0.4 

<0.4 

.16 

<0.5 

.27 

.21 

.24 

.30 

n.d. 

<0.5 

.27 

Zn 

111 

110 

109 

107 

ill 

109 

(14 

109 

108 

n.d. 

105 

102 

Lx 

144 

146 

168 

135 

167 

162 

127 

166 

147 

131 

103 

Sc 

31.5 

32.8 

32.7 

32.7 

32.0 

31.6 

32.5 

33.0 

31.4 

n.d. 

26.0 

25.3 

La 

12.2 

10.6 

1 1.0 

11.4 

12.7 

12.4 

13.3 

126 

12.2 

n.d. 

8.9 

9.29 

Cc 

28.0 

26.1 

26.6 

27.4 

30.7 

305 

306 

30.5 

29.7 

n.d. 

22.7 

22.9 

Nd 

22 

18 

16 

23 

23 

22 

21 

21 

26 

n.d. 

18 

15.8 

Sm 

5.84 

5.30 

5.40 

5.50 

6 10 

580 

600 

5.85 

6.00 

n.d. 

4.42 

4.23 

Eu 

1.81 

1.70 

1.73 

1.79 

1.85 

1 86 

1 84 

1.80 

1.92 

n.d. 

1.38 

1.37 

Cid 

6.7 

5.6 

6.4 

5.2 

5.2 

6.6 

5.7 

5.9 

72 

n.d. 

34 

3.6 

Tb 

99 

.87 

.87 

.88 

94 

.92 

.97 

.91 

1.00 

n.d. 

.79 

.65 

Tm 

.35 

.35 

.39 

.32 

.33 

.31 

.32 

.33 

.37 

.31 

.213 

Yb 

2.03 

2.02 

2.11 

2.09 

2.19 

2.05 

2.07 

2.00 

2.47 

1.73 

1.65 

Lu 

.299 

.270 

.280 

.310 

.313 

.309 

.34 

.27 

.317 

n.d. 

.26 

.238 

S amote 
symbol 

UWE-34 

UWE-J5 

UWE  36 

LWE-37 

UWE  38 

UWE -39 

VWE-40 

UWE  41 

UWB-42 

UWE-41 

UWE-4* 

UWE-45 

0 

O 

O 

O 

O 

O 

O 

O 

O 

U 

O 

O 

S.O, 

ai,6, 

48.6 

48.6 

48.8 

48.0 

50.5 

49.0 

49.4 

48.9 

47.2 

508 

50.8 

49.2 

11.2 

11.4 

11.6 

10.0 

13.2 

10.8 

12.4 

11.6 

9.4 

13.2 

13.0 

10.7 

re,o, 

FcO 

5.4 

8 1 

4.8 

3.0 

4.8 

4.0 

4.0 

5.8 

3.3 

3.1 

4.0 

3.3 

6.8 

4.6 

7.4 

9.3 

6.5 

8.8 

7.9 

6.4 

9.6 

8.0 

7.6 

9.7 

M*0 

14.5 

13.7 

13.2 

17.3 

9.0 

14.5 

10. 1 

14.0 

19.7 

95 

9.2 

13.0 

CaO 

9.6 

9.5 

10.0 

8.4 

10.5 

8.9 

10.5 

9.5 

8 3 

10.2 

10.9 

8.8 

Na.O 

KjO 

1.7 

1.8 

1.9 

1.7 

2.2 

1.8 

2.0 

2.0 

1.5 

1.9 

2.2 

2.0 

.30 

.35 

.39 

.34 

.41 

.39 

.43 

.37 

.26 

.42 

.42 

.46 

H,0 

TiOj 

.11 

19 

.64 

.18 

30 

.27 

40 

.15 

.27 

.27 

.20 

.24 

2.1 

2.2 

2.2 

18 

2.5 

22 

2.4 

2.2 

1.5 

2.4 

2.5 

2.8 

9ft 

.23 

25 

.26 

.22 

.29 

.25 

.31 

.27 

.17 

.29 

.29 

36 

.19 

.15 

.18 

.17 

.17 

.16 

16 

.14 

18 

16 

.16 

16 

Ba 

99 

% 

<100 

<200 

<200 

<200 

86 

90 

<200 

107 

81 

120 

Co  (INAA) 

65 

62 

63 

76 

48 

71 

S3 

62 

85 

50 

45 

64 

Co  (AA) 

66 

63 

66 

79 

SO 

72 

58 

68 

85 

53 

50 

68 

Cx 

%1 

869 

S87 

1090 

602 

987 

687 

861 

1260 

535 

626 

790 

Ni 

580 

490 

490 

790 

230 

600 

320 

490 

870 

230 

220 

500 

Cm 

100 

95 

89 

78 

120 

100 

NO 

NO 

53 

NO 

120 

120 

Hf 

3.06 

3.26 

3.43 

2.72 

3.8 

3.30 

3.61 

3.32 

2.33 

3.30 

3.7 

4.15 

Rb 

11 

10 

<30 

13 

18 

<30 

11 

<30 

<30 

8 

<30 

13 

Ta 

.79 

.81 

.87 

64 

.91 

.87 

.91 

.86 

56 

.85 

95 

1.09 

Th 

.67 

.70 

.65 

.51 

.75 

.65 

.67 

.60 

.52 

.82 

.73 

.70 

U 

<0.5 

.35 

<0.4 

<0.5 

.23 

<0.3 

<0.5 

.33 

<0.4 

.40 

44 

.31 

Zn 

104 

106 

112 

108 

119 

107 

109 

109 

108 

103 

100 

122 

Z X 

104 

103 

140 

<100 

131 

<200 

148 

178 

120 

154 

136 

152 

Sc 

27  1 

27.2 

27.7 

24.6 

31.2 

27  3 

29.6 

27.5 

24.2 

28.1 

30.1 

28.3 

La 

9 88 

10.2 

110 

8.3 

11.6 

10.3 

11.5 

10.6 

7.0 

11.7 

12.4 

12.9 

Ce 

24.1 

24.8 

26.6 

21.1 

27.6 

25.6 

27.0 

24.9 

18.3 

26.6 

28.3 

30.4 

Nd 

16  9 

17.7 

22 

13 

24 

16 

19 

18 

n 

21 

18 

23 

Sm 

4.50 

4.72 

5.13 

4.11 

5.44 

4.81 

5.31 

5.00 

3.47 

5.56 

5.59 

5.93 

Eu 

1.50 

1.53 

1.65 

1.37 

1.81 

1.55 

1.70 

1 56 

1.16 

1.62 

1 76 

1.83 

Gd 

3.8 

3.6 

6 2 

4.8 

6.7 

5.5 

6.5 

5.3 

4 1 

6.0 

64 

6.0 

Tb 

.71 

.72 

88 

.62 

.97 

.77 

.85 

.84 

58 

.80 

96 

96 

Tm 

20 

.241 

.27 

.22 

.38 

.27 

.31 

,29 

19 

.40 

.29 

.32 

Yb 

1.76 

1.83 

1.93 

1.56 

2.24 

1.76 

2.13 

1.85 

1.45 

2.02 

2.23 

2.24 

Lu 

259 

.265 

.287 

.238 

.34 

.25 

.299 

.27 

.21 

310 

.30 

.319 

Samftk 

symbol 

UWE -46 

UWE -47 

UWE-48 

UWE-4* 

UWE-50 

UWt-M 

UWE -47  A 

UWE-30A 

UWE  52 A 

O 

0 

O 

O 

0 

O 

A 

A 

A 

SiO. 

AJjO. 

49.0 

47.4 

47.5 

48.4 

50.0 

50.1 

49.8 

50.0 

49,6 

11.5 

II. 5 

12.4 

12.4 

12.8 

13.1 

13.6 

19.2 

13.5 

&?• 

3.9 

3.7 

2.4 

5.0 

2.7 

2.4 

3.0 

3.0 

3.4 

8.5 

8.8 

98 

7.0 

9.0 

9.2 

8.5 

9.0 

8.3 

MgO 

13  3 

13.0 

9.8 

10.4 

10.1 

7.5 

7.1 

7.4 

7.8 

CaO 

9.0 

10.4 

12.2 

11.2 

11.2 

11.4 

12.1 

11.1 

11.3 

Na,Q 

K,0 

1.9 

2.0 

2.3 

2.2 

2.1 

2.2 

2.2 

2.3 

2.3 

.35 

.37 

.41 

.42 

.39 

44 

.49 

.50 

.44 

H.O 

Tib, 

.82 

.24 

.30 

.08 

.19 

.36 

54 

.36 

.52 

2.3 

12 

2.6 

2.5 

2.3 

2.6 

2.7 

2.6 

2.6 

Mnb 

.25 

.29 

.22 

.33 

.26 

.31 

.31 

29 

,29 

.18 

.18 

.20 

.18 

IS 

.18 

18 

20 

.18 

Ba 

• 200 

<200 

120 

133 

103 

123 

148 

128 

127 

Co  (INAA) 

68 

61 

51 

52 

54 

45 

44 

44 

45 

Co  (AA) 

75 

67 

56 

58 

60 

52 

48 

50 

50 

Cx 

946 

753 

555 

597 

739 

395 

285 

334 

347 
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TABLE  13.2. — Chemical  analytes  of  Uwe^ahana  Bluff  samples — Continued 


Sample 

UVE-46 

LWE-47 

UWE-41 

UWE-49 

UWE-50 

L’WE-51 

OWE  47 A 

UWE-50A 

UWE-52A 

i yen  hoi 

0 

0 

O 

O 

0 

O 

A 

A 

A 

Ni 

670 

460 

220 

240 

290 

120 

100 

no 

120 

Cu 

71 

too 

130 

120 

98 

100 

91 

67 

110 

Hf 

2.99 

3.5 

3.8 

3.68 

3.4 

3.9 

4.01 

3.98 

3.8 

Rb 

<30 

<30 

<30 

14 

<30 

15 

<30 

14 

<20 

Ta 

.70 

.93 

1.02 

94 

85 

1.03 

1.10 

1.13 

1.08 

Tta 

.70 

.73 

80 

.78 

.68 

.86 

.97 

.98 

.92 

U 

-2* 

<0.5 

<0.5 

.29 

.32 

<0-6 

<0.5 

.30 

<0.6 

Zn 

108 

106 

113 

113 

101 

121 

106 

115 

112 

Zr 

102 

<200 

140 

130 

152 

154 

125 

202 

179 

Sc 

25.4 

27.2 

29.9 

300 

30.0 

31.8 

31  1 

31.4 

31.3 

La 

9.6 

111 

12.7 

11.7 

10.7 

12.4 

13.4 

13.8 

13.3 

Ce 

23.9 

26.9 

29.8 

28.3 

26.3 

29.3 

32.4 

32.7 

31.3 

Nd 

21 

18 

19 

20 

15 

20 

24 

21 

23 

Sm 

4.61 

5,28 

5,83 

5.48 

5.11 

5.75 

5.82 

5.88 

5.61 

Eu 

1.46 

1.68 

1.88 

1.81 

1.69 

1.89 

1.93 

1.92 

1 84 

Gd 

4.6 

6 1 

6.4 

6.2 

5.6 

7.0 

7.2 

6.9 

5.8 

Tb 

.72 

.80 

1.00 

.90 

.75 

.91 

.95 

.91 

.88 

Tin 

.29 

.28 

.33 

.35 

.28 

34 

.32 

.31 

27 

Yb 

1.80 

2.06 

2.24 

2.19 

1.89 

2.25 

2.19 

2.17 

2.05 

Lu 

.244 

.27 

.30 

.297 

27 

.34 

.36 

.304 

.297 

TABLE  13.3. — Ofiwne  control  lines 

[CtxfilCMftCi  fc*  rx|u<tl»«n  of  ihr  form  y = cu  + 6.  wKffr  y i*  the-  mafOt  of  rWtwnt.  i u the  MfO  coolrot,  a n tbr  dope,  Mid  b a ifc* y uumnpt  valor  ti  MfO  - 0 nn^it  pmmt.  V*k*r»  (at  osuiet 
in  weight  pen ml , value*  for  trier  rlrtnml*  mi  part*  prr  mdbun.  urn  rrtainiy  it  mm  ilandarit  drtuiiun  ntkrr  udr  id  tkr  enra*  doj*-  Data  fn*  PHKtLCAL  (prrimlonc  Kilaura  takirra  and  I iuna 
flowik  KILI959  (Kilaur*  tki.  I959X  HI5TML  fhutonc  Mauna  Lo»(  and  PPt*C"  (prrhrrtnfK  pahorhor  ptentr  compkx  flow*  from  Wn*h*.  1 971 1 FrO,.  total  iron  nude  - FiO  *-0  9 Fe,0,. 
n d..  nrt  drtrriTunrd] 


Element 

Sunn  A 

-D 

Suite  C 

PPPC 

PHKILCAL 

KIL1959 

H1STML 

(a) 

(ft) 

(«) 

(») 

(•) 

(6) 

(a) 

(6) 

(a) 

<« 

(a) 

(b) 

SiO, 

-0.315  *028 

52.842 

0.248  - .064 

51.828 

0 289  i0.023 

52.894 

0 317*0.021 

53.327 

0.266  * 0.005 

51.922 

0.312*0.010 

54  260 

aiA 

-.348  - 012 

16.036 

-.3361.025 

15.852 

.357  * .010 

16.643 

.354 -.028 

16.585 

.325  * 008 

15.943 

-.3381.007 

16  527 

Feb, 

.027  - .020 

11.456 

.071  *.037 

10.811 

068  * .017 

10.480 

.081 1 .030 

10.260 

.035 1 003 

11.046 

.025  1 006 

10  747 

CaO 

- .204  - .027 

12.298 

-.306  - 056 

12.797 

.2881.017 

12.184 

- .266*  .016 

13.044 

.2841.010 

12.674 

-.2631.005 

12.40U 

Na,0 

- .073  i 005 

2.852 

- .070  * (XIX 

2-822 

-.05 3 * 00? 

2.691 

- .065  r .005 

2.753 

-.0591.002 

2.705 

-.0591.003 

2.702 

K,0 

- .013-  002 

.524 

-.0151003 

556 

-.014*  .003 

,561 

-.0121.003 

.497 

-.0151.001 

.658 

- .006*  .002 

40V 

Tib, 

.060  • 008 

2.94* 

-.086  - 015 

.3.348 

- 065  • .00* 

2.906 

-.057  *.012 

2.843 

- .072  • .003 

3,263 

-.045*  .004 

2.380 

p,o< 

.009  - 001 

.359 

-.008  - 003 

348 

006  * .001 

.266 

- .005  * .001 

.259 

-.007  * 001 

.324 

-.004*  001 

246 

MdO 

- .002  - .001 

.182 

-.002-  002 

.183 

000  *.001 

.164 

n.d. 

n.d. 

n.d. 

Ba 

- 1.277*1.505 

126. -440 

.565  i 2.649 

100.346 

n.d. 

n.d. 

n.d. 

n.d. 

CoUNAA'i  3.047  * .096 

22.648 

3.297 1 .253 

19.006 

n.d. 

n.d. 

n.d. 

n.d. 

Co  (AA) 

3.184  *144 

23.350 

2.7721.353 

29.385 

n.d. 

n.d. 

n.d. 

n.d. 

Cr 

76.943i3  049 

191,459 

63.771*6.06? 

2.147 

n.d. 

n.d. 

n.d. 

n.d. 

Ni 

63.766  s 1.882 

.349,095 

65.268  * 5.240 

-368.050 

n.d, 

n.d. 

n.d. 

n.d. 

Cu 

3 240*  858 

139,767 

- 3.969  • | 398 

151.439 

n.d. 

n.d. 

n.d. 

n.d. 

Hf 

094  * .01 1 

4.525 

.1131.025 

4.831 

n.d. 

n.d. 

n.d. 

n.d. 

Rb 

040  * 202 

12.028 

-.289-  .345 

16.829 

n.d. 

n.d. 

n.d. 

n.d. 

Ta 

-.015i  .006 

1.013 

-.032  * 009 

1.272 

n.d. 

n.d. 

n.d. 

n.d. 

Th 

- .027  i .004 

1.023 

-.0251.005 

1.001 

n.d. 

n.d. 

n.d. 

n.d. 

U 

.000  1.010 

.282 

-.005  1.012 

.369 

n.d. 

n.d. 

n.d. 

n.d. 

Zn 

-.378  *.239 

113.205 

700  • 600 

118.175 

n.d. 

n.d- 

n.d. 

n.d. 

Zr 

3 090-  1 128 

171.309 

- 3.137  * 2.066 

171.211 

n.d 

n.d 

n.d. 

n.d. 

Sc 

654  - .052 

36  4*4 

.635  * .074 

36.140 

n.d 

n.d 

n.d. 

n.d. 

La 

.2591.057 

13.718 

409*  .079 

15.931 

n.d 

n.d. 

n.d. 

n.d. 

Cc 

.600-110 

33.117 

.800-162 

36.090 

n.d. 

n.d. 

n.d. 

n.d. 

Nd 

-.421*. 150 

23.420 

-.5781.267 

25.673 

n.d. 

n.d. 

n.d. 

n.d. 

Sm 

-.135*015 

6.669 

-.1701.033 

7.194 

n.d. 

n.d. 

n.d. 

n.d. 

Eu 

- .047  - .004 

2 189 

- ,056i  .008 

2.333 

n.d. 

n.d. 

n.d. 

n.d. 

Gd 

-.185  * ,054 

7 549 

-.291  • .070 

9,128 

n.d. 

n.d. 

n.d. 

n.d. 

Tb 

- .025  • 003 

1 129 

- .029  • 008 

1.186 

n.d. 

n d. 

n.d. 

n.d. 

Tin 

.009  - ,003 

402 

-.011*  004 

.432 

n.d. 

n d 

n.d. 

n.d. 

Yb 

.054  - .007 

2.595 

068-  012 

2.822 

n.d. 

n.d. 

n.d. 

n.d. 

Lu 

.006-  .001 

.354 

.009 1 .002 

.392 

n.d. 

n.d. 

n.d. 

n.d. 

TRACE-ELEMENT  CHEMISTRY  AND 
RARE-EARTH-ELEMENT  CHEMISTRY 

Nearly  all  flows  in  the  section  were  analyzed  for  a suite  of  22 
trace  elements  (table  !3.2)i  Most  of  the  trace  elements  show 
negative  linear  trends  when  plotted  against  MgO  (fig.  13.5/3;  table 
13.3),  indicating  that  olivine  abundance  exerts  the  principal  control 
on  trace-element  content.  However,  several  trace  elements  correlate 
positively  with  MgO  (table  1 3. 3 X Ni  and  Co,  which  resembles  Ni 
in  its  behavior,  are  strongly  partitioned  from  the  melt  into  the  olivine 


crystal  structure  (Gunn,  1971;  Hart  and  Davis,  1978).  The 
positive  correlation  between  Cr  and  MgO  probably  reflects  the 
presence  of  inclusions  of  chrome  spinel  in  olivine  (Gunn,  1971 3 Our 
results  for  Cu  differ  from  those  of  Gunn  (1 97 IX  who  found  a 
significant  positive  correlation  between  MgO  and  Cu,  probably 
indicating  sulfide  saturation  in  his  samples.  We  found  no  correlation 
between  Cu  and  MgO.  and  this  may  indicate  varying  levels  of  sulfur 
in  the  magmas  supplying  suite  C flows  (T.L.  Wight,  oral  commun. . 
I985X 
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The  rare-earth-element  (REE)  concentration*  correlate  nega- 
tively with  MgO  (fig.  1 3.5CX  owing  to  the  diluting  effect  of  olivine 
crystal*  on  the  absolute  concentrations  of  REE  (Hanson,  I960) 
Chondrite- normalized  REE  data  for  selected  flows  from  each  suite 
show  smooth  curves  with  similar  slopes  (fig.  1 3.7 A).  In  flows  of  suite 


C,  differences  in  the  positions  of  the  curves  reflect  the  large  range  in 
olivine  content,  whereas  flows  of  suites  A,  B,  and  D have  a smaller 
range  in  REE  abundances.  The  shapes  and  slopes  of  the  curves  for 
all  flows  within  the  Uwekahuna  Bluff  section  are  similar,  suggesting 
that  the  parent  magmas  had  a similar  origin. 


A MgO  CONTENT.  IN  WEIGHT  PERCENT 

FIGURE  13.5.  — MgO  variation  diagrams  for  flow*  of  Uwekahuna  Bluff  section.  Data  symbols:  P.  flow*  of  wile  A.  plagiocUse 
porphyntK.  X.  flow*  of  suite  B.  mostly  aphync;  O.  flow*  of  wile  C.  obvsnr  porpfiyntsc;  U.  Uwekahuna  Ash  Member  (unit  43); 
A,  flow*  of  suite  D,  aphync.  Linn  are  oh  vine -control  line*  for  these  data  determined  by  linear  least -squares  regression.  See  table 
13.3  for  coefficients  and  figure  13.8  for  comparison  with  olivine -control  hnes  foe  other  Kilauea  lavas.  A.  I ’lots  of  major-element 
oxides  versus  MgO.  B.  Plot*  of  trace  element*  verms  MgO.  C.  Plots  of  rare  earth  elements  versus  MgO 
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VOLCANISM  IN  HAWAII 


Figure  I i-6.  — Plot*  of  cHrmscal  composition  versus  stratigraphic  position  within  the  Uwrkahuna  Bluff  section.  Data  symbols:  P, 
flows  of  suite  A,  pUgHx- hue  porphyntic;  X,  flows  of  suite  B.  mostly  aphym,  O.  flows  of  suite  C.  olivme  porphyriUc;  U, 
l.’wekahuna  Ash  Mrrnber  (unit  43);  A.  flows  of  suite  D,  aphvnc  Dashed  lines  separate  suite*.  A,  Plots  of  mapor -element  oxides 
versus  MgO.  B.  Plots  of  trace  elements  versus  MgO  C.  Plots  of  rare  earth  elements  versus  MgO. 
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FIGURE.  13.7. — Choodrite  normalized  ibuncUiKrt  of  rarc-rarth  element*  in 
Uwekahuna  Bluff  samples.  Abundances  arc  normalized  lo  cbondrile  value*  of 
Hatlun  and  others  (1968)l  Precision  for  most  rare-earth-clement  (REE)  abun- 
dances determined  by  neutron  actrvalion  (Bardeckrr,  1979)  n better  than  ± 3 
percent  of  reported  value  (see  tail  Prrcmon  for  Nd.  Gd,  and  Tm  is  poorer,  and 


DISCUSSION 

SOURCES  OF  MAGMAS 

Rows  of  suites  A and  B have  broadly  similar  major-element 
and  Irace-demenl  chemistry  (hg.  I3.6A,  B\  and  we  detect  no 
abrupt  changes  in  composition  such  as  might  indicate  exotic  sources. 
The  similarities  in  the  REE  patterns  for  these  units  likewise  suggest 
a fairly  homogeneous  source.  We  interpret  these  data  to  indicate  that 
the  flows  from  suites  A and  B are  comagmalk  in  the  broad  sense: 
they  were  derived  from  the  same  magma  batch  or  from  different 
batches  with  nearly  identical  source  chemistry  and  crystallization 
histories. 

Because  flows  of  suite  C contain  various  amounts  of  olivine, 
MgO  content  has  a range  sufficiently  wide  to  define  olivine-control 
lines.  Wright  (1971 ) showed  that  different  comagmatic  suites  may  be 
characterized  by  different  olivine-control  lines.  The  slopes  and 
intercepts  for  suite  C olivine-control  lines  are  comparable  to  those 
calculated  for  various  other  suites  of  Kilanea  lavas  (Murata  and 
Richter,  1966b;  Wright.  1 97 IX  The  similarity  of  these  control  lines 
(fig.  13.8)  indicates  that  olivine  is  the  only  significant  mineral  phase 
affecting  chemical  variation  in  suite  C flows  and  that  the  composition 
of  that  olivine  is  homogeneous.  We  interpret  the  flows  of  suite  C to  be 
derived  from  a Kilauea  source,  because  their  olivine-control  lines 
resemble  those  of  other  Kilauea  suites. 

TRACE- ELEMENT  DATA 

Abundances  of  trace  elements  are  similar  within  a restricted 
range  among  the  flows  from  Uwekahuna  Bluff  and  other  Kilauea 
localities.  Ba,  Rb,  Th,  Zr.  La,  Ce.  Sm,  and  Tb  values  fall  within 
the  ranges  odubited  by  historic  Kilauea  lavas  (fig.  13.9;  Basaltic 
Volcanism  Study  FVoject,  1981 X No  trace-element  abundances  in 
Uwekahuna  Bluff  flows  are  within  the  ranges  that  are  unique  to 
Mauna  Loa. 

The  striking  similarity  among  chondnte- normalized  curves  for 
each  suite  (fig.  I3.7B)  suggests  that  the  magmas  for  the  various 
suites  of  flows,  as  well  as  for  the  Uwekahuna  Ash  Member,  are 
comagmatic.  They  may  have  a common  parent  in  the  upper  mantle, 
have  been  affecetd  by  similar  processes  after  leaving  the  mantle,  or 
both. 

Abundances  of  light  REE  are  typically  lower  for  Mauna  Loa 
than  for  Kilauea  (fig.  I3.7C;  Leeman  and  others,  1977,  1980; 
Basaltic  Volcanism  Study  Project , 1 98 IX  whereas  abundances  of 
heavy  REE  are  similar  for  Kilauea  and  Mauna  Loa  lavas.  Curves 
for  the  flows  in  Uwekahuna  Bluff  more  closely  resemble  those  for 
Kilauea  than  those  for  Mauna  Loa  (fig.  13.7 B,  CX  Thus,  on  the 
basis  of  major-,  trace-,  and  rare-earth -element  chemistry,  it  appears 
that  no  Mauna  Loa  flows  occur  in  the  Uwekahuna  Bluff  section. 


ibese  elements  are  no!  uted  m plot*  of  cbondnlenormatzed  rare-earth  abundance* 
A,  REE  abundances  in  srlectrd  Arm*  from  Uwekahuna  Bluff  B.  Averaged  and 
normalized  REE  data  for  each  suite  of  flow*  in  Uwekahuna  Bluff  tectum  and  for 
ihr  Uwekahuna  Adi  Member.  C.  Averaged  and  normalized  RLE  data  for 
historical  Mauna  l^oa  and  Kilauea  flow*  (data  from  Basaltic  Volramun  .Study 

Prom.  1961 X 
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SECULAR  TRENDS 

Olivine  control  is  the  dominant  mineral  control  affecting  suite  C 
flows.  The  flows  from  suites  A,  B,  and  D have  MgO  contents  in 
excess  of  6.4  weight  percent  and  show  no  evidence  of  fractionation  in 
the  sense  of  Wright  and  others  ( 1 97  5X  We  assume  that  the  minor 
chemical  variation  displayed  by  these  flows  is  also  olivine  controlled. 
To  look  for  evidence  of  chemical  variability  beyond  that  imposed  by 
olivine  control,  we  recalculated  the  compositions  in  table  13.2  to  a 
constant  7.0  weight  percent  MgO  by  adding  or  subtracting  olivine 
from  the  bulk  compositions  (Macdonald,  1944;  Wright,  1 97 IX 
using  the  composition  of  olivine  from  the  Uwekahuna  laccolith 
(Murata  and  Richter,  1961 X That  composition  does  not  account  for 
chrome  spinel,  which  commonly  occurs  within  olivine  in  Hawaiian 
lavas,  and  so  we  did  not  recalculate  the  Cr  contents  for  the 
Uwekahuna  Bluff  samples.  Listed  in  table  13.4  are  average 
compositions  for  each  of  the  lava  suites  at  Uwekahuna  Bluff  and  for 
juvenile  material  from  the  Uwekahuna  Ash  Member,  all  normalized 
to  7.0  weight  percent  MgO. 

The  following  secular  trends  are  recognized  for  the 
Uwekahuna  Bluff  section  (fig.  13.9);  (I)  Si02  increases  from  30.2 
weight  percent  for  the  flows  of  suite  D to  51 . 1 percent  for  the  flows 
of  suite  A;  (2)  AI2O3,  FeO,,  Na20,  P2Oj,  and  MnO  remain 
nearly  constant  (table  13.4);  and  (3)  CaO  and  Ti02  decrease 
slightly  from  suite  D to  suite  A.  These  secular  changes  differ  m 
sense  from  those  recognized  by  Wright  (1971 ) for  historical  Kilauea 
lavas,  in  which  Si02  decreases  to  the  present  and  CaO  and  Ti02  I 
increase. 


Historical  olivine-controlled  flows  from  Mauna  Loa  have  more 
Si02  and  less  K2Ot  Ti02,  and  P20}  than  any  of  the  flows  from 
Uwekahuna  Bluff  (table  1 3.4;  fig.  13.9X  The  ranges  in  the  contents 
of  these  oxides  for  flows  from  Uwekahuna  Bluff  strongly  resemble 
those  for  historical  Kilauea  flows. 


CYCLIC  VARIATIONS  IN  THE  CHEMISTRY  OF  SUMMIT  LAVAS 

Plots  of  chemical  composition  versus  position  in  the  section  for 
lavas  of  suites  A and  B (units  I —30)  show  essentially  straight-line 
relationships  (fig.  I3.6X  but  small  cydic(?)  departures  are  discern- 
ible. The  olivine-rich  flows  of  suite  C display  considerable  scatter  m 
MgO-vanation  diagrams  (fig.  I3.5AX  but  some  evidence  for 
cyclicity  can  be  seen  when  all  compositions  are  normalized  to  7.0 
weight  percent  MgO  and  plotted  against  stratigraphic  position  (fig. 
13. 10>  Although  the  frequency  of  the  apparent  cycles  varies  from 
element  to  element,  the  data  do  suggest  that  cyclic  variations  occur  in 
the  compositions  of  Kilauea  summit  lavas. 

Wright  and  others  (1975)  and  WVight  and  Tilling  (I980X  on 
the  basis  of  major -element  chemistry,  identified  10  distinct  chemical 
variants  or  magma  batches  among  the  materials  erupted  by  Kilauea 
in  the  period  1968-1974.  They  interpreted  these  variants  as  the 
unmodified  products  of  separate  partial  melting  events.  Hofmann 
and  others  ( 1 984)  examined  trace-  and  rare-earth -element  data  from 
I Kilauea  for  1968-1971;  they  concluded  that  incompatible  trace- 
| element  concentrations  in  the  lavas  fit  a pattern  of  continuous, 


TABLE  1 3.4.  — Atvrage  chemical  compositions  of  prehistoric  /ana*  and  ash  from  Uioekahcma  Bluff,  compand  uuth  historical  Mauna  Loa  and  prehistoric  and  historical 

Kilauea 

[ Rrtalrulalrd  frean  ongmal  analyses  by  normaliUBg  I©  100  pert  ml  dry  wetghl  after  converting  al  iron  to  FeO,,,,,  Normalized  to  7 0 weight  percent  MgO  by  subtracting  or  addmg  olivine  of 
UwekilwM  lac  cob  lb  compositxai  ( Murata  and  Rachter.  1961,  anah-iu  101  A.  uate  A flows;  B.  »ui»r  B Acmts;  C,  rate  C 1m;  D,  ratr  D Inn;  UA.  Uwelratunn  Ash  Member. 
(UA  - average  cl  5 nods  from  cored  bomba  witlmi  Uwefcafaona  Ash  Member  (Dzunsin  and  Casadeval,  1966)).  Kilauea  A (Kil  A - Kilauea  summat  191 1 - 1924)  and  Mauna  Loa  A (MLoa 
A)  (Wnghl,  1971);  Kilauea  B (KJ  B)  and  Mauna  Loa  B (MLoa  B)  (Baialtac  Volcamun  Study  Preyed.  1961);  ad.,  not  determined,  uncertainty  expressed  as  one  stand  and  deviation  (I 


A 

B 

C 

D 

DA 

K U A 

Kil  B 

MLoa  B 

MLoa  A 

Si02 

51.10^0.23 

50.90  ±0.39 

50.60  ±0.78 

50.23  ±0.25 

51.08  ±0.35 

50.33,  n.d. 

50.70-0.31 

52.45  ±0.31 

52.18,  n.d. 

13.7  ♦ 0.2 

13.6  ±0.2 

13.6±0.3 

13.7-0.2 

13.73±0.9 

14.00.  n.d. 

1 3.57  — 0.12 

1 3.94  ±0. 10 

14.17,  n.d. 

FeO 

ll.7±0.3 

1 1 .8 -0.3 

1 1.3±0.5 

1 1.4-0.3 

11.63-1.00 

11.09,  n.d. 

11.03  = 0.20 

10.62  ±0.49 

10.94,  n.d. 

MgO 

7.0 

7.0 

7.0 

7.0 

7.0 

7.0 

7.0 

7.0 

7.0 

(jO 

10.6±0.2 

10.9±0.3 

1 1.7±0.7 

1 1 .7—  0.4 

11.05  ±0.28 

11.58,  n.d. 

11.65-0.33 

10.73-0.15 

10.58,  n.d. 

NijO 

2.4±0.1 

2.3 —0.1 

2.3-0.1 

2.3±0.I 

2. 14  — 0.25 

2.28,  n.d. 

2.32±0.04 

2.36±0.06 

2.29,  n.d. 

.44  ±0.02 

.43  ±0.03 

44  ±0.04 

48±0.03 

45  ±0.02 

.55,  n.d. 

.53±0.04 

39-0.03 

.37,  n.d. 

TiOj 

2.51  ±0.08 

2.49-0.12 

2.62  ±0.2 1 

2.68-0.04 

2.5I±0.09 

2.72.  n.d. 

2.73  — 0.11 

2.10±  0.04 

2.07,  n.d. 

P.O-. 

.30±0.01 

.29±0.01 

.28  ±0.04 

30±0.01 

.26  ±0.06 

.27,  n.d. 

.29-0.01 

.24  ±0.02 

.21,  n.d. 

MnO 

,17  ±0.02 

.17-0.01 

.16  ±0.02 

.19-0.01 

16  ±0.02 

.17,  n.d. 

.17-0.01 

17*0.01 

.17,  n.d. 

Ba 

I18±  19 

118  ±23 

127  ±29 

1 36  ± 1 1 

120±29 

n.d. 

138-  18 

84-14 

n.d. 

Cu 

1 22  ± 1 6 

1 16  — 12 

1 19-  17 

91  ±22 

132  ±7 

n.d. 

n.d. 

n.d. 

n.d. 

Hf 

3.91  ±0.14 

3.83-0.16 

4.02±0.30 

3.99  ±0.08 

3.58  ±0.02 

n.d. 

4.58-0.17 

3.59 =0.11 

n.d. 

Rh 

12  ± 3 

13—1 

16-3 

14,  n.d. 

13,  n.d. 

n.d. 

1 1 ± 3 

6±  1 

n.d. 

T i 

88±0.06 

.88-0.11 

1.02  ±0.10 

1.12-0.02 

.93  ±0.05 

n.d. 

n.d. 

n.d. 

n.d. 

Th 

.86  ±0.07 

.81  ±0.10 

.80  ±0.06 

.97  ±0.02 

.89  ±0.09 

n.d. 

1 28-0.22 

.55  ±0.03 

n.d. 

Zn 

1 1 1 ±3 

111  ±3 

132-14 

113  = 5 

112-3 

n.d. 

n.d. 

n.d. 

n.d. 

Zr 

153-17 

145  ±15 

156±25 

172-41 

139±  18 

n.d. 

1 59  ± 20 

130±5 

n.d. 

Sc 

31.4  ±0.9 

32.8±0.7 

33.5±  1.4 

31.8±0.4 

30.8  ±0.2 

n.d. 

33.0±2.0 

31 .0  ± 1.2 

n.d. 

La 

11.8  ±0.8 

11.6—  1.2 

12.7  — 1.0 

13.7-0.3 

12.9±0.4 

n.d. 

15.1  - 1.7 

8.9  ±0.6 

n.d. 

Ce 

28.9  ±1.6 

28. 3 ±2.0 

30.7  ±1.9 

32.7  ±0.5 

28.8  ±0.5 

n.d. 

37.5±3.2 

23.9-1.4 

n.d. 

Nd 

20  ± 3 

21  -3 

22-3 

23  ±2 

23  ±3 

n.d. 

n.d. 

n.d. 

n.d. 

Sm 

5.7±0.1 

5.7±0.3 

6.0  ±0.4 

5.9±0.1 

60-0.1 

n.d. 

6. 2-0. 2 

5. Or  0.2 

n.d. 

Eu 

1.89±0.05 

! 84-0  06 

1.92  ±0.10 

1 93  ±0.03 

1.74±0.04 

n.d. 

2.00-0.07 

1 69*0.04 

n.d. 

Gd 

6.1  ♦ 1.4 

6.2  ±0.9 

6.4  ±1.0 

6.7  ±0.7 

7.1  ±0.7 

n.d. 

n.d. 

n.d. 

n.d. 

Tb 

.96  ± 0.04 

96-0.04 

.97  ±0.10 

.93  ±0.03 

90-0.02 

n.d. 

96  ±0.03 

.86-0.04 

n.d. 

Tm 

.33  ±0.06 

.34  ±0.04 

34±0.05 

.31  ±0.02 

.34  ± U.U8 

n.d. 

n.d. 

n.d. 

n.d. 

Yb 

2.25-0.11 

2-20 —0.13 

2.31  ±0.14 

2.17  — 0.06 

2.18-0.05 

n.d. 

2.05-0.03 

2.10-0.04 

n.d. 

Lu 

.31  ±0.02 

.31  ±0.02 

.33  ±0.02 

.32  ±0.03 

31  -0.01 

n.d. 

.26  ±0.10 

.31  ±0.01 

n.d. 
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monotomc  decrease  and  that  “there  was  no  longer  a need  to  invoke 
the  existence  of  distinct  magma  hatches  to  explain  either  the  trace 
elements  or  the  major  elements”  (Hofmann  and  others,  1984,  p.  32). 
Shaw  (chapter  5 1 ) argues  that  cyclic  behavior  on  many  time  scales 
may  be  the  norm  for  Hawaiian  vokamsm  and  suggests  mechanisms 
to  account  for  such  cycles.  The  apparent  cycles  at  Uwekahuna  Bluff 
are  too  pronounced  to  be  explained  by  analytical  uncertainty;  they 


may  reflect  subtle  variations  in  the  chemistry  of  the  parental  magma 
stored  in  the  shallow  reservoir. 

CHRONOLOGY  OF  l/WEKAHUNA  BLUFF 

Io  appreciate  more  fully  the  significance  of  the  various  rock 
suites  exposed  at  Uwekahuna  Bluff,  an  understanding  of  the  tune 


FlCURK  1 3. 10.  — Plot  of  recalculated  major  element  analyse*  msw  stratigraphic  position  in  the  Uwekahuna  Bluff  section  Analytes 
have-  been  recalculated  to  7 0 weight  percent  MgO  through  addition  or  subtraction  of  olivine  of  tbe  rampnulinn  gjvrn  m Mux  at  a 
aitd  Richter  (I%1  \ Dashed  line*  irjurilf  untet  of  flows,  U indicate*  cample  of  ihe  Uwekahuna  Ash  Member.  See  figure 
13.6  for  explanation  of  other  letter  symbols. 
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intervals  involved  is  essential.  We  offer  here  a tentative  chronology  of 
the  sequence  at  Uwekahuna  Bluff  and  a conceptual  model  to  explain 
the  chemical  and  petrologic  variations  observed  there. 

The  Uwekahuna  Ash  Member,  which  underlies  nearly  the 
entire  western  wall  of  Kilauea  caldera,  is  interpreted  as  the  product 
of  large  explosive  eruptions  in  the  Kilauea  summit  region  about  2. 1 
ka  (Dzun&in  and  Casadevall,  1986;  Lockwood  and  Rubin,  I986X 
We  found  no  carbonaceous  material  within  the  Uwekahuna  Bluff 
section,  so  no  radiocarbon  ages  are  available  for  the  section  above 
the  Uwekahuna  Ash  Member.  However,  control  on  the  age  of  flows 
within  the  various  suites  is  available  from  study  of  paleomagnetism  of 
the  rocks  from  Uwekahuna  Bluff. 

Paleomagnetism  in  the  flows  of  Uwekahuna  Bluff  has  been 
studied  since  1961,  when  10  lava  flows  from  the  lower  half  of  the 
section  were  sampled  (Dodl  and  Cox,  1965,  1972).  We  relocated 
those  holes,  which  were  drilled  in  units  29,  32,  34,  36,  37,  39,  42, 
47A,  48 A,  and  49A  (table  1 3. 1 X In  1981,  nine  additional  flows 
(units  I,  2,  3.  4.  5.  15,  20,  27,  and  51)  were  drilled  (R.T. 
Holcomb  and  D.E.  Champion,  unpub.  dalaX 

The  1981  samples  and  the  Doe  11  and  Cox  samples  record  at 
least  three  distinct  pole  positions  (D.E.  Champion,  oral  commun., 
I985X  Three  of  the  older  samples  of  suite  D (units  47 A -49 A) 
have  paleomagnetic  directions  consistent  with  the  directions  of  a lava 
flow  that  has  been  dated  at  2. 77  ± 0. 1 5 ka  (Lockwood  and  Rubin, 
1986;  sample  W-5345X  This  age  relationship  is  consistent  with  the 
geology  of  Uwekahuna  Bluff,  where  units  47A-49A  underlie  the 
Uwekahuna  Ash  Member,  but  it  implies  a 600-700  yr  hiatus  in  the 
Uwekahuna  Bluff  section  between  the  emplacement  of  suite  D flows 
and  deposition  of  the  ash. 

A second  time  unit  includes  flows  1 5 through  5 1 from  suites  B 
and  C.  Flow  51  directly  overlies  the  2.  l -ka  Uwekahuna  Ash 
Member.  Samples  from  these  flows  show  a continuous  variation  in 
paleomagnetic  direction  consistent  with  rapid  and  steady  change  of 
the  local  magnetic  field  vector  from  about  2.1  to  1.5  ka  (D.E. 
Champion,  oral  commun.,  I985X  Field  evidence  indicates  no  major 
weathering  surface  in  this  sequence  of  flows.  This  consistency 
indicates  that  the  flows  of  suites  C (picrite)  and  B (aphyric) 
accumulated  in  roughly  600  years;  no  major  time  breaks  are 
recognized. 

The  weathered  top  of  unit  15,  the  uppermost  flow  of  suite  B, 
indicates  a hiatus  of  unknown  duration.  Paleomagnetic  directions 
within  the  top  five  flows  of  the  section  (flows  of  suite  A)  arc 
consistent  with  dated  field  directions  of  about  0.35  ka  (Holcomb, 
1 98 1 X However,  lack  of  paleomagnetic  data  for  flows  6 through  1 4 
precludes  estimating  the  length  of  time  represented  by  suite  A. 

Thus,  five  major  events  between  2.8  ka  and  0.2  ka  are 
recognized  in  the  Uwekahuna  Bluff  section  on  the  basis  of  field 
occurrence,  radiocarbon  dating  of  flows  and  tephra  (Kelley  and 
others,  1979;  Lockwood  and  Rubin.  I986X  and  paleomagnetic 
studies  (Holcomb,  1981;  D.E.  Champion,  oral  commun.,  I985X 
We  infer  the  following  eruptive  sequence  for  the  rocks  exposed  at 
Uwekahuna  Bluff: 

1 . Eruption  of  aphyric  lavas  of  pre- Uwekahuna  Ash  Member 
age  (suite  D)  about  2.8  ka. 

2.  Eruption  of  the  Uwekahuna  Ash  Member  about  2.1  ka. 


3.  Eruption  of  picntic  lavas,  replenishment  of  shallow  reser- 
voir, and  eruption  of  aphyric  lavas  (suites  C and  B)  about  2.1  to  1.5 

ka(?X 

4.  Eruption  of  plagioclase-porphyritic  lavas  (suite  A)  about 

0.8  to  0.2  ka  (?X 

5.  Formation  of  present  caldera  and  eruption  of  Keanakakoi 
Ash  about  0.2  ka. 

KILAUEA  SUMMIT  HISTORY  FOR  THE  PAST  2,800  YEARS 

Holcomb  (chapter  12)  has  outlined  one  sequence  of  events  for 
the  recent  evolution  of  the  Kilauea  summit  area,  but  alternatives  are 
possible.  Our  interpretation  is  generally  similar,  but  we  prefer  a 
sequence  in  which  some  of  the  stratigraphic  units  in  Uwekahuna 
Bluff  are  older  than  the  ages  assigned  by  Holcomb. 

Holcomb  (chapter  12)  has  used  paleomagnetic  data  to  assign 
an  age  of  2. 0-1. 5 ka  to  lava  of  suite  D in  Uwekahuna  Bluff,  as 
well  as  several  flows  outside  of  the  caldera.  A similarly  magnetized 
lava  flow  on  Mauna  Loa  has  recently  been  dated  by  l4C  methods  at 
2.8  ka  (D.E.  Champion,  oral  commun.,  I985X  As  discussed 
below,  we  believe  that  the  Uwekahuna  Ash  Member  is  older  than 
the  1 . 5 ka  favored  by  Holcomb  and  others  (in  pressX  so  we  prefer 
the  age  of  about  2.8  ka  for  the  lava  flows  of  suite  D.  These  flows 
should  be  compared  with  pre- Uwekahuna  Ash  Member  flows 
outside  of  the  caldera  to  see  if  they  may  be  coeval. 

Holcomb  (chapter  12)  concludes  that  the  present  caldera  of 
Kilauea  was  preceded  by  an  older  Powers  caldera  whose  formation 
may  have  been  associated  with  explosions  that  produced  the 
Uwekahuna  Ash  Member  in  a manner  similar  to  that  proposed  for 
the  present  caldera  and  the  Keanakakoi  Ash  Member.  The  mecha- 
nism proposed  for  this  association  (Jaggar,  1947;  Macdonald, 
1965;  Christiansen,  1979)  involves  large-scale  summit  collapse  in 
response  to  rapid  magma  withdrawal  into  the  volcanos  rift  zones, 
triggering  phreatomagmatic  explosions  by  providing  ground  water 
access  to  the  volcanos  plumbing  system.  Though  the  collapse  of  the 
current  caldera  preceded  the  explosive  Keanakakoi  eruption,  the 
interval  between  collapse  and  explosion  could  have  been  short 
(Decker  and  Christiansen.  I983X 

Several  radiocarbon  ages  have  been  determined  for  the 
Uwekahuna  Ash  Member.  When  the  original  paleomagnetic  chro- 
nology of  Holcomb  and  others  (in  press)  was  worked  out.  the 
available  measurements  indicated  an  age  of  about  1.5  ka.  Addi- 
tional ages  have  been  obtained  since  then,  ranging  from  1.0  ka  to 
2.2  ka.  Lockwood  and  Rubin  (1986)  argue  that  the  younger  ages 
are  affected  by  sample  contamination  and  adopt  2.1  ka  as  the  most 
representaive  age  for  the  ash.  Holcomb  (chapter  12)  prefers  to 
retain  the  earlier,  younger  age  but  we  prefer  the  2.1  -ka  ages  of 
Lockwood  and  Rubin  (I986X 

Holcomb  (chapter  12)  suggests  that  collapse  of  the  Powers 
caldera  was  followed  by  a period  of  caldera  filling  which  did  not 
affect  the  Uwekahuna  Bluff  section  for  about  0.75  ka,  implying  that 
the  flows  of  suite  C and  suite  B are  younger  than  0.75  ka.  D.E. 
Champion  (oral  commun.,  1985)  believes  that  those  flows  record 
continuous  variation  m paleomagnetic  field  direction  from  about  2. 1 
to  1 . 5 ka.  Dzurisin  and  Casadevall  ( 1 986)  argue  that  the  uppermost 
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pumice  of  the  Uwekahuna  Ash  Member  was  buned  quickly  by 
picritic  lava  flows  of  suite  C,  because  the  pumice  was  uneroded  when 
it  was  buned.  We  therefore  assign  an  age  of  2. 1 to  1 . 5 ka  to  suite  C 
and  suite  B flows  and  suggest  that  at  least  30  m of  suite  C flows 
accumulated  rapidly  soon  after  the  Uwekahuna  Ash  Member 
eruptions. 

Our  interpretation  and  that  of  Holcomb  (chapter  1 2 ) converge 
on  the  age  and  origin  of  the  suite  A flows  at  Uwekahuna  Bluff. 
Iliese  plagioclase-phyric  flows  are  Holcombs  Observatory  flows,  so 
named  because  they  form  the  substrate  for  the  Hawaiian  Volcano 
Observatory.  He  assigned  them  an  age  of  0.25-0.35  ka  in  figure 
12.5,  but  also  noted  that  they  could  be  as  old  as  0.75  ka.  We 
suggest  that  the  weathered  surface  of  the  uppermost  suite  B flow 
records  a hiatus  of  at  least  a few  centuries,  and  adopt  an  age  of 
0.8 -0.2  ka  for  the  overlying  suite  A flows.  Following  extrusion  of 
the  suite  A flows,  the  Uwekahuna  Bluff  section  was  capped  by  the 
Kranakakoi  Ash  Member. 

The  two  main  differences  between  our  interpretation  and  that 
of  Holcomb  (chapter  12)  are:  (1)  the  age  of  the  Uwekahuna  Ash 
Member,  and  (2)  the  age  and  significance  of  the  suite  C and  suite  B 
lava  flows.  The  differences  are  caused  primarily  from  differing 
interpretations  of  available  radiocarbon  ages  for  summit  flows  and 
should  be  resolved  by  future  work. 

Our  preferred  interpretation  is  that  the  suite  C picnics  ponded 
in  the  Powers  caldera  soon  after  its  formation  and  quickly  buried  the 
Uwekahuna  Ash  Member.  Holcomb  (chapter  12)  agrees  that 
collapse  was  soon  followed  by  caldera  filling,  but  infers  that  the 
Uwekahuna  Bluff  area  was  not  covered  for  about  750  years.  We 
interpret  the  suite  C picrites  as  crystaJ  cumulates  or  residua  from  a 
shallow  magma  reservoir  that  was  rapidly  drained  during  the 
Uwekahuna  Ash  Member  eruptions,  probably  by  a large  effusive 
eruption  low  on  the  volcanos  flank  (Dzurisin  and  Casadevail,  1986)l 
We  infer  that  the  lower  parts  of  this  magma  reservoir  were  rich  in 
olivine,  because  of  the  accumulation  of  settled  olivine  crystals  ; 
(Macdonald,  1944;  Murata  and  Richter,  1966a,  b)i 

Murat  a and  Richter  (1966b)  proposed  that  in  the  1959 
eruption  of  Kilauca  Iki.  the  eruptive  force  mobilized  olivine  sludge 
from  the  depths  of  the  shallow  reservoir  feeding  that  eruption.  Helz 
(chapter  25)  argues  that  the  ascent  rate  of  a juvenile  component  of 
the  1959  eruption  was  sufficient  to  entrain  large  olivine  grains  from  a 
source  in  the  upper  mantle.  We  speculate  that  the  suite  C flows  at 
Uwekahuna  Bluff  represent  olivine  sludge  from  the  lower  part  of  a 
compositionally  zoned  shallow  magma  reservoir  and  that  unloading 
during  the  Uwekahuna  Ash  Member  eruption  was  responsible  for 
octrusion  of  the  picrites.  Preservation  at  the  top  of  the  Uwekahuna 
Ash  Member  of  a thin  pumice  layer,  which  wr  tentatively  assume  to 
be  related  to  emplacement  of  the  ash  at  about  2.1  ka,  indicates  that 
at  least  30  m of  suite  C lava  flows  accumulated  on  the  floor  of  the 
Powers  caldera  and  buned  the  pumice  soon  after  it  was  erupted. 
The  absence  of  weathered  flow  surfaces  at  the  contacts  of  suite  C 
flows  also  implies  that  most  of  their  60-m  thickness  accumulated 
rapidly  after  eruption  of  the  ash.  "ITiis  model  is  attractive  because  it 
explains  the  presence  of  picrites,  which  are  otherwise  unusual  in  the 
Kilauea  summit  area,  as  a direct  consequence  of  the  equally  unusual 
Uwekahuna  Ash  Member  eruptions. 


We  speculate  that  the  flows  of  suites  B and  A ponded  within 
the  Powers  caldera  and  that  they  are  genetically  related.  The 
plagioclase-porphyntic  flows  of  suite  A may  represent  a later 
eruptive  product  of  a shallow  reservoir  that  earlier  was  the  source  for 
the  aphyric  lavas  of  suite  B.  We  tentatively  interpret  this  sequence  of 
aphyric  lavas  followed  by  plagioclase-porphyntic  lavas  as  the  prod- 
uct of  a two-stage  drawdown  of  a post -Uwekahuna  Ash  Member 
shallow  magma  reservoir.  A possible  problem  with  this  interpreta- 
tion is  that  paleomagnetic  evidence  suggests  a hiatus  of  at  least  a few 
centuries  between  emplacement  of  the  suite  B and  the  suite  A flows, 
and  a hiatus  is  also  indicated  by  the  weathered  contact  between  the 
suites.  According  to  Holcomb  (chapter  I2X  the  hiatus  lasted  from 
0.5  ka  to  0.25  ka;  according  to  D.E.  Champion  (oral  commun. . 
1985)  and  the  model  proposed  here,  the  hiatus  lasted  from  1 . 5 ka  to 
0.8  ka. 


CONCLUSIONS 

We  conducted  this  study  in  an  attempt  to  answer  questions 
about  how  the  summit  region  of  Kilauea  developed:  (I)  How 
important  were  intrusive  bodies  (sills,  laccoliths,  and  dikes)  to  the 
growth  of  the  summit  region?  (2)  Are  any  lava  flows  from  Mauna 
Loa  exposed  in  the  western  wall  of  Kilauea  caldera?  (3)  Can 
distinct  suites  of  rocks  be  recognized  in  the  caldera  wall  and  give  a 
record  of  the  recent  chemical  evolution  of  Kilauea  summit  lavas?  (4) 
Is  there  any  evidence  that  distinct  eruptive  centers  or  source  regions 
have  supplied  lavas  to  the  summit  region  during  Kilauea  s recent 
past?  In  terms  of  these  questions,  we  summarize  our  results  as 
follows: 

( 1 ) Intrusive  bodies  such  as  sills  and  laccoliths  are  absent  at 
Uwekahuna  Bluff.  Ihe  dikes  and  laccoliths  found  elsewhere  m the 
western  wall  of  the  caldera  account  for  less  than  I percent  of  the 
surface  area  of  the  wall  (Casadevail  and  Dzunsin,  chapter  14). 

(2)  The  flows  of  Uwekahuna  Bluff  are  similar  in  textural 
variety,  phenocryst  mineralogy,  and  major-  and  trace-element  chem- 
istry to  prehistoric  and  historical  Kilauca  lavas.  On  the  basis  of  these 
similarities  and  the  lack  of  hypersthene,  which  is  found  in  Mauna 
Loa  flows  (Macdonald,  I949X  we  suggest  that  all  flows  within  the 
Uwekahuna  Bluff  section  are  from  a Kilauea  source. 

(3)  Four  distinct  suites  of  flows  are  recognized  at  Uwekahuna 
Bluff  on  the  basis  of  field  occurrence,  petrography,  and  chemistry. 
Many  flows  represent  near- vent  accumulations  of  fluid  lavas.  The 
uniform  thickness,  lateral  continuity,  and  extensive  horizontally  of 
many  of  the  lava  flows  exposed  in  the  western  wall,  especially  above 
the  Uwekahuna  Ash  Member,  suggest  a caldera  - fill  sequence. 

(4)  Our  data  do  not  require  distinct  source  regions  or  eruptive 
centers  for  the  Uwekahuna  Bluff  lavas,  although  those  possibilities 
cannot  be  discounted.  We  atlnbute  the  petrographic  differences 
between  lava  suites  to  processes  within  a single  shallow  magma 
reservoir  beneath  the  summit  area.  I hr  Uwekahuna  Bluff  lavas 
could  have  erupted  from  a single  center  or  from  several  in  the  summit 
area.  Our  results  are  generally  compatible  with  those  of  Holcomb 
(chapter  I2X  but  remaining  differences  of  opinion  about  absolute 
ages  point  out  the  need  for  additional  stratigraphic  study. 
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INTRUSIVE  ROCKS  OF  KILAUEA  CALDERA 


By  Thomas  J.  Casadevall  and  Daniel  Dzurisin 


ABSTRACT 

Eighteen  prehistoric  dikes  exposed  in  the  west  wall  of 
Kilauea  caldera  have  been  mapped  and  analyzed  for  major, 
trace,  and  volatile  elements.  Twelve  dikes  occur  along 
Uwekahuna  Bluff  and  to  the  north  and  east;  six  dikes  occur 
south  of  the  bluff.  Alignment  of  many  dikes  approximates  the 
northeasterly  trend  common  for  several  tectonic  elements  at 
Kilauea:  the  6 southern  dikes  generally  follow  the  N.  48°  E. 
strike  of  the  southwest  rift  rone,  and  9 of  12  dikes  in  the  north 
set  strike  roughly  parallel  to  the  linear  western  wall  of  the 
caldera  (N.  40°  E.).  Chemical  analyses  of  the  dikes  show  that  all 
are  tholeiitic  basalts,  typical  of  Kilauea  summit  flows  and  sim- 
ilar to  the  lava  flows  making  up  the  western  caldera  wall. 

Five  dikes  of  the  north  set  occupy  fractures  cutting  the 
entire  section  of  flows  in  the  caldera  wall  and  therefore  must  he 
fairly  young.  Their  age  relative  to  the  A.D.  1790  Keanakakoi 
Ash  Member  of  the  Puna  Basalt  is  unknown,  hut  we  suggest 
that  they  formed  just  before  or  shortly  after  the  explosive 
eruption  and  presumed  caldera  collapse  responsible  for  the  ash. 
Dikes  of  the  south  set  show  a close  parallelism  with  recent 
prehistoric  and  historical  Assures  in  the  southwest  rift  zone. 
They  are  also  young  and  may  be  closely  related  to  recent 
activity  in  the  upper  southwest  rift  zone.  The  more  northerly 
strike  of  the  north  set  of  dikes  may  reflect  the  combined 
influences  of  stresses  caused  by  flexing  of  Kilaueas  shallow 
summit  magma  reservoir  and  gravitational  slumping  of  the 
volcano  » south  flank. 


PURPOSE  AND  BACKGROUND 

At  Kilauea  Volcano  on  the  Island  of  Hawaii,  much  effort  has 
been  directed  to  identify  and  understand  subsurface  processes 
responsible  for  eruption-related  seismicity  and  surface  deformation 
(Eaton  and  Murata,  I960).  Models  invariably  refer  to  the  causative 
bodies  as  dikes  (Ryan  and  others,  1981 ; Dufheld  and  others,  1982; 
Epp  and  others,  1983;  Pollard  and  others,  1983;  Dvorak  and 
others,  I986X  and  the  shallow  magma  reservoir  is  usually  envisioned 
as  a plexus  of  dikes  and  sills  (Fiske  and  Kinoshita,  1969;  Fiske  and 
Jackson,  1972;  Ryan  and  others,  1983).  Despite  the  many  refer- 
ences to  intrusive  bodies,  little  effort  has  been  spent  in  examining 
those  exposed  in  Kilauea  caldera. 

Kilauea  is  one  of  the  youngest  of  the  Hawaiian  volcanoes,  and 
erosional  dissection  of  the  edifice  has  been  insufficient  to  expose 
intrusive  bodies.  However,  the  walls  of  the  3 X 5 km  summit  caldera 
are  as  much  as  140  m high  and  provide  a window  into  the  upper 
level  of  the  Kilauea  edifice.  The  western  caldera  wall  comprises 
numerous  lava  flows,  at  least  18  dikes,  the  Uwekahuna  laccolith 
(Murata  and  Richter,  1 96 IX  and  3 thin  pyroclastic  units  (the  lithic 
ash  of  1924,  the  Keanakakoi  Ash  Member  of  the  Puna  Basalt,  of 
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about  A.D.  1790;  and  the  Uwekahuna  Ash  Member  of  the  Puna 
Basalt,  of  about  2.1  kaX 

In  this  paper,  we  describe  the  distribution,  form,  dimensions, 
and  chemistry  of  intrusive  bodies  exposed  in  the  western  wall  of  the 
Kilauea  summit  caldera.  From  Uwekakuna  Bluff  to  Steaming 
Bluff,  this  wall  is  an  unbroken,  nearly  vertical  cliff  averaging  1 30  m 
high.  The  wall  south  of  Uwekahuna  Bluff  is  lower  ( 1 5-40  m)  and 
it  has  a stepped  profile  that  has  been  attributed  to  normal  faulting 
along  the  caldera  rim  (Dutton,  1884;  Peterson.  1967;  Holcomb, 
1981 ; Saint  Ours,  1982X  We  studied  the  intrusive  bodies  exposed  in 
the  caldera  walls  in  order  to  compare  them  petrologically  with  the 
flows  that  they  cut,  to  assess  their  volumetric  importance,  and  to 
evaluate  their  relationship  to  the  structural  setting  and  state  of  stress 
in  the  summit  region. 


PREVIOUS  STUDIES 

KILAUEA  INTRUSIVE  BODIES 

The  largest  intrusive  body  exposed  at  Kilauea  is  the 
Uwekahuna  laccolith,  which  Daly  (1911)  first  described  and  in- 
ferred to  have  an  intrusive  origin.  Powers  (1916)  mapped  this 
laccolith  and  noted  that  “about  20  dikes  also  occur  in  the  (caldera) 
walls  at  various  points,  but  especially  at  the  northeast  end  of  the 
sink."  Washington  (1923)  published  two  chemical  analyses  of  a dike 
( 1 1 N of  this  report)  from  the  wall  below  Steaming  Bluff.  Murata 
and  Richter  (1961)  and  Aramaki  (1968)  studied  the  petrology  of 
the  Uwekahuna  laccolith,  accepted  its  intrusive  origin,  and  con- 
cluded that  its  compositional  variation  could  be  explained  by  gravity 
settling  of  olivine  followed  by  filter-pressing  of  the  residual  liquid. 

Walker  (1969)  mapped  several  dikes  in  the  Hilina  system  of 
normal  faults  on  the  south  flank  of  Kilauea,  about  12  km  from  the 
summit  caldera  and  far  from  any  known  eruptive  vent.  He  inter- 
preted those  dikes  as  fillings  of  deep  ground  cracks  by  surface  lava 
flows.  Easton  and  Lockwood  (1983)  presented  data  on  the  volatile 
I contents  of  those  dikes  to  support  that  interpretation. 

MECHANISMS  OF  INTRUSION 

Several  mechanisms  have  been  proposed  to  explain  the  origin  of 
intrusive  bodies  at  Kilauea.  One  is  the  intrusion  of  magma  from  a 
deep  source;  in  this  mechanism,  magmatic  pressure  and  increasing 
buoyancy  owing  to  exsolution  of  volatiles  combine  to  overcome  effects 
of  gravity  and  Lithostatic  load,  forcing  magma  upward  or  laterally 
into  country  rock  (Ryan  and  others,  1981 X 
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A second  mechanism  is  the  lateral  injection  of  degassed  lava  | 
from  a ponded  lava  lake.  Daly  (1911)  and  Murata  and  Richter  ' 
(1961)  proposed  such  an  origin  for  the  Uwekahuna  laccolith,  and 
Swanson  and  Peterson  (1973)  hypothesized  a similar  mechanism 
during  the  filling  of  Alae  lava  lake.  The  driving  force  for  such  lateral 
injection  is  limited  to  the  weight  of  the  lava  column  in  the  lake. 

A third  mechanism  is  the  filling  of  fractures  by  lava  flows. 
Deep  vertical  ground  cracks  are  common  both  at  the  summit  and 
along  the  rift  zones  of  Kilauea  (de  Saint  Ours,  I982X  and  lava  flows 
have  frequently  been  observed  cascading  into  these  cracks  (Dufheld 
and  others,  1982).  Solidification  of  the  crack  filling  would  form  a 
tabular  body  of  rock  indistinguishable  in  most  respects  from 
upwardly  or  laterally  fed  dikes.  Walker  (1969)  and  Easton  and 
Lockwood  (1983)  support  such  an  origin  for  the  dikes  in  the  Hilina 
fault  system.  The  low  volatile  contents  that  characterize  lava  flows 
some  distance  from  their  vents  (Swanson  and  Fabbi.  1973)  aid  in 
distinguishing  such  surface-fed  bodies  from  dikes  intruded  from 
depth  (Easton  and  Lockwood,  I983X 
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METHODS 

Our  work  included  field  mapping  and  description, 
petrographic  study,  and  chemical  analysis.  Most  held  work  was 
done  m 1979-1980  and  focused  on  the  west  wall  of  the  caldera  for 
reasons  of  easy  access  and  good  exposure.  We  briefly  examined 
sections  of  the  wall  near  Keanakakoi,  in  the  Byron  l x*dge- Waldron 
Ledge  area,  and  north  of  Steaming  Bluff  (fig.  14.  IX  but  found  no 
dikes.  Sections  of  these  walls  are  covered  by  vegetation,  talus,  or 
young  lava  flows,  however,  so  that  small  intrusive  bodies  might  be 
obscured. 

FIELD  CRITERIA  FOR  RECOGNIZING  INTRUSIONS 

The  Uwekahuna  laccolith  (fig.  I4.2z4)  has  a dense,  blocky 
texture  that  gives  it  a light  color  and  smooth,  massive  surface 


appearance.  Similar  light-colored,  smooth -surfaced  rock  lenses 
occur  throughout  the  western  caldera  wall;  many  have  prismatic 
jointing  similar  to  that  in  the  laccolith.  Based  on  these  similarities  we 
originally  suspected  that  many  of  these  bodies  might  be  sills  or 
laccoliths.  To  distinguish  between  surface  flows  and  sills  we  focused 
attention  on  contact  relations,  particularly  evidence  for  cross-cutting 
relations,  deformation  of  wall  rocks,  and  textures  of  the  top  and 
bottom  surfaces  of  a unit.  Textures  such  as  pahoehoe  ropes,  evidence 
for  collapsed  pahoehoe  shells,  and  the  rubbly  surfaces  of  aa  flows 
indicate  a surface  flow.  Internal  features  such  as  visible  mineralogy 
and  vesicle  abundance  and  distribution  were  of  secondary  impor- 
tance in  mapping  flow  units.  When  these  criteria  were  applied  to  the 
suspected  sills,  contact  relations  invariably  revealed  an  extrusive 
origin.  In  particular,  the  contacts  between  the  dikes  and  their  wall 
rocks  often  showed  signs  of  rapid  cooling,  including  fine  gram  size 
and  glassy  margins. 

Vesicles  of  various  sizes  and  shapes  are  abundant  in  most  flows 
at  Uwekahuna  Bluff;  flows  below  the  Uwekahuna  Ash  Member  are 
generally  less  vesicular  than  those  above  (Casadevall  and  D/urisin, 
chapter  I3X  In  contrast,  vesicles  are  rare  in  dikes  and  in  the 
Uwekahuna  laccolith.  Vesicles  in  dike  interiors  are  typically  small 
(I -10  mm)  and  spherical.  The  paucity  of  vesicles  in  the  dikes  and 
laccolith  suggests  either  that  confining  pressure  was  too  targe  to 
permit  formation  of  an  extensive  separate  gas  phase  or  that  the 
intruding  magma  was  largely  degassed.  Additional  details  of  the 
petrography  and  volatile  content  of  the  intrusions  are  discussed  later. 

RESULTS 

DISTRIBUTION  AND  DESCRIPTION  OF  INTRUSIVE  BODIES 

About  20  intrusive  bodies  are  exposed  in  the  western  wall  of 
the  caldera.  The  largest  and  most  conspicuous  is  the  Uwekahuna 
laccolith  (fig.  I4.2AX  which  consists  of  two  bodies  having  a total 
outcrop  length  of  about  300  m and  a maximum  thickness  of  about  30 
m.  The  dense,  light-colored  laccolith  contains  15-40  percent 
olivine  phcnocrysts  concentrated  in  its  central  and  lower  parts  by 
gravitational  settling  (Murata  and  Richter,  1961 X Similar  patterns 
of  olivine  concentration  occur  in  the  thicker  picritic  flows  of  the 
Uwekahuna  Bluff  section  (Casadevall  and  Dzurisin,  chapter  I3X 
Ihc  laccolith  is  the  only  body  in  the  western  caldera  wall  that  visibly 
deformed  its  host  rocks,  except  for  the  obvious  extensions  caused  by 
dikes:  10-15  m of  the  overlying  picritic  lavas  are  deformed  (fig. 

14.2AX 

A possible  sill  or  low -angle  dike  is  exposed  in  the  western  wall 
about  I km  north  of  the  laccolith,  but  is  not  easily  accessible  from  the 
caldera  floor  (fig.  I4.2BX  Ihis  massive  body,  which  we  refer  to  as 
the  manta  ray  because  of  its  shape,  has  two  limbs  extending  outward 
and  upward  and  appearing  to  cut  across  adjacent  flows.  We 
tentatively  conclude  that  (hr  body  is  an  intrusion,  but  it  could  also  be 
a flow  that  filled  a small  surface  depression.  The  major  lenticular 
bodies  of  rock  in  the  Uwekahuna  Bluff  section  arc  thick  subaenal 
lava  flows,  as  judged  from  contact  relations  (Casadevall  and 
Dzurisin,  chapter  I3X 
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FK.URk  14.1.  — Kilauea  caldera  showing  location  and  altitude  of  dikes  and  locations  of  Uwekahuna  laccolith  and  young  spatter  vent  in  Steaming  Bluff  area.  Topugraphsc 
map  modified  from  U.S.  Geological  Survey  Kilauea  Crater  7 ’>  minute  quadrangle,  Kale  I 24,000.  1961 . Geology  and  structure  modified  from  Peterson  ( l%7)  and  de 
Sami  Ours  (I962X  Dikes  of  north  (N)  and  south  (S)  sets  separately  numbered. 
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Wc  identified  18  dikes  in  the  western  caldera  wall  that  we 
subdivided  into  a north  set  (dikes  I N-I2N)  and  a south  set  (dikes 
IS-6S)  based  on  their  position  relative  to  Uwekahuna  Bluff  (fig. 
14.1).  Most  of  the  dikes  trend  northeasterly,  roughly  parallel  to  the 
strike  of  the  southwest  rift  zone  (N.  48°  E.)  and  the  linear  segment 
of  the  western  caldera  wall  (N.  40°  E.;  see  fig.  14.6)  Dike  widths 
range  from  5 cm  to  2 m (table  14. 1)  The  combined  width  of  all 
dikes  is  only  about  1 5 m,  less  than  I percent  of  the  length  of  the  west 
wall. 


DIKES  OF  THE  NORTH  SET 

Dikes  of  the  north  set  are  oncnted  more  northerly  than  those  of 
the  south  set  (fig.  14.1;  table  14.1)  CMivine-rich  dikes  I N and  2N 
differ  from  other  dikes  of  the  north  set  in  both  composition  and 
orientation  (fig.  14.1);  neither  penetrates  above  the  picritic  lavas 
overlying  the  Uwekahuna  Ash  Member  (Casadevall  and  Dzunsin, 
chapter  13)  Dike  IN  cuts  the  2.  l-ka  Uwekahuna  Ash  Member 
and  the  lowermost  flows  of  the  picritic  sequence  at  Uwekahuna 


D 


E 


Figure  14.2.  — Intrusive  bodsr*  in  the  west  wall  of  Kilaura  caldera.  A.  Aerial  view  showing  the  »wo  main  pari*  (north  and  south)  of  the  Uwekahuna  laccolith;  note  (died 
altitude  of  thin  flows  along  northern  edge  of  body  B.  Small  manta  ray-shaped  body  that  w either  an  intrusion  or  formed  by  lava  filling  a surface  depression.  C.  Small  tills 
coming  off  from  main  mass  of  dike  1 1 N.  D.  Detail  of  southwest  caldera  wall  showing  September  1971  eruptive  fissure.  £.  Dike  ION  showing  sets  of  prismatic  fowls 
perpendicular  to  dike  waHs. 
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TABLE  14. 1.  — Thickness,  orienUHon,  MgO  content,  and  brief  description  of  <& ket  m the  loot  unit  of  Kilauea  caldera 

(n.d.,  dm  determined] 


Thick  dm* 

(cm) 

Orica  um  too 

MfO  moment 
(weight  percent) 

Dike 

Strike 

Dip 

Commend 

North  set 

IN 

40-60 

N.  8r  w. 

85*  N. 

6.9  (margin) 
14.3  (core) 

Glass  margin,  pi  critic  core. 

2N 

85-110 

N.  3 r w 

85*  NE. 

26.6 

Margin  o 1 Uwekahuna  laccolith. 

3N 

5-10 

N.  10  W.-N.  30"  W. 

vertical 

n.d. 

I hin  dikelets  in  section  of  thin  pkntk  pahochoc  flows 

4N 

80  i minimum) 

N.  45*  E 

6T'  SE. 

n.d. 

Tabular  dike,  cast  wail  is  missing. 

5N 

8-10 

n.d. 

n.d, 

n.d. 

Hun  dikelct,  top  of  talus  cone  against  caldera  wail. 

6N 

20-30 

N.  73-  W. 

vertical 

6.7 

Complex  of  dikes  and  dikelets  with  glassy  margins. 

7N 

50 

N.  17*  E. 

vertical 

7.3 

8N 

65 

N 29*  E. 

vertical 

7.8 

Glassy  margins. 

Complex  of  dikes  and  sills;  glassy  margins. 

9N 

20-30 

NE.  (varies) 

n.d. 

7.2 

ION 

60 

N.  34*  E. 

vertical 

7.0 

Portion  of  dike  bv  caldera  floor  has  open,  ruggy  intenor,  glassy 

margins.  Filh  fracture  that  cuts  entire  section;  dike  stops  15  m 
bekyw  rim. 

UN 

100-  180 

N.  38°  E. 

vertical 

7.5 

Widest  dike  within  caldera  wall. 

I2N 

100-150 

N.  64*  E. 

77*  NW. 

6.9 

Cuts  Bows  m bench  above  1974  flow  on  crater  floor;  glassy 

margins. 

South  set 

IS 

8-12 

N.  45’  E. 

vertical 

6.7~7.7 

Complex  of  dikelets  and  sills;  glassy  margins 

2S 

75  (maximum) 

N.  53°  E. 

vertical 

6.6-7. 5 

Glassy  margins. 

3S 

85-120 

N.  4 2°  E.-N.  53*  E. 

vertical 

6.7-7.0 

Above  1974  flows;  glassy  margins 

4S 

35 

N.  67*  E. 

vertical 

7.0-7. 2 

Glassy  margins 

55 

20-35 

N.  85*  E. 

vertical 

6.7-7.2  (margin) 
20.1  (core) 

Glassy  margins. 

6S 

90  (maximum) 

N.  603  E. 

84*  N. 

n.d. 

Glassy  margins. 

Bluff.  Dike  2N  occurs  along  the  southern  margin  of  the  north  part 
of  the  Uwekahima  laccolith,  and  it  is  olivine-rich  throughout.  It  cuts 
several  flows  below  the  laccolith,  but  we  did  not  find  it  above  the 
laccolith. 

The  wider  dikes  display  crude  columnar  jointing  perpendicular 
to  their  margins.  Dikes  ION  and  1 1 N have  multiple  cooling  surfaces 
parallel  to  their  walls  that  suggest  more  than  one  period  of  filling  (fig. 
I4.2E)  Small  sills  along  flow  contacts  sprout  from  many  dikes  (fig. 
14.20;  «amples  as  much  as  7 m long  were  observed. 

Most  samples  for  petrographic  and  chemical  study  were 
collected  from  the  base  of  the  exposure  on  the  caldera  floor.  Along 
dike  ION,  we  rapelled  from  the  caldera  rim  to  collect  samples  and 
inspect  the  higher  part  of  the  dike  about  1 3 m below  the  rim  (fig. 
I4.3X  where  it  terminates  abruptly.  This  dike  has  fine-grained 
margins,  10- 1 3 cm  wide,  which  adhere  to  the  walls  of  the  fracture. 
The  interior  of  the  dike  in  its  upper  part  is  an  open  space  about  80 
cm  wide,  partly  filled  with  soil  and  rock  talus.  We  noted  no  spatter, 
drapery,  or  increased  vesicularity  of  the  dike  rock  to  indicate 
eruption  of  the  dike.  The  dike  neither  appeared  to  feed  nor  be  fed 
from  a surface  flow.  The  host  fracture,  however,  continued  to  the 
surface.  Several  factors,  which  we  discuss  later,  may  have  prevented 
the  magma  from  filling  the  fracture  and  reaching  the  surface,  at  least 
in  the  cross- section  view  we  ctamined. 

All  but  one  of  the  12  dikes  in  the  north  set  occur  in  the 
unbroken  part  of  the  west  caldera  wall;  dikes  6N-IIN  occupy 
fractures  that  cut  through  the  entire  sequence  of  flows  in  the  wall  (fig. 
14.3)  In  the  Steaming  Rats  area  above  these  dikes,  we  found  no 
evidence  within  several  hundred  meters  of  the  rim  that  any  dikes  had 
vented.  Where  these  fractures  intersect  the  caldera  rim,  they  are 
typically  filled  with  vegetation,  talus,  and  the  Keanakakoi  Ash 
Member.  Iliis  cover  obscures  contact  relations  between  the  dikes 
and  the  ash. 


Anecdotal  evidence  suggests  that  recent  eruptive  activity  has 
occurred  in  the  Steaming  Flat  area.  Perret  (1913,  p.  615-616,  fig. 
6)  noted  that  “miniature  bombs  or  lava  drops  * * * were  discovered 
by  the  writer  on  the  top,  and  surrounding  the  base,  of  several  small, 
dome-topped  cones  of  very  scoriaceous  lava  situated  on  the  northern 
rim  of  Kilauea  near  ‘Kamakolea’,  and  therefore  outside  of  the  great 
pit  crater,  although  within  one  of  the  surrounding  areas  of  subsidence 
and  not  very  far  from  Sulphur  Banks***  H.A.  Powers  (oral 
commun.,  1979)  reported  that  following  a large  earthquake  in  the 
1930  s he  found  fresh  spatter  on  the  road  at  the  western  edge  of 
Steaming  Bluff,  where  Crater  Rim  Road  ascends  toward  Kilauea 
Military  Camp  (fig.  14. 1 X 

We  did  locate  a spatter  vent  mapped  by  Macdonald  and  others 
(1983,  fig.  19.19)  (fig.  14.1).  This  feature  is  actually  a senes  of 
echelon  spatter  ramparts  that  range  in  height  from  2-8  m.  They 
extend  from  the  access  road  along  the  eastern  boundary  of  Kilauea 
Military  Camp  to  the  northeast  for  approximately  150  m.  The 
ramparts  arc  mantled  by  the  Keanakakoi  Ash  Member  as  much  as 
80  cm  thick,  indicating  that  they  predate  the  1 790  eruption. 

The  area  of  Steaming  Flats  is  currently  aseismic  (R.V. 
Koyanagi,  oral  commun.,  1979)  and  there  is  no  local  center  of 
deformation  in  the  area  (A.T.  Okamura,  oral  commun.,  1984) 
However,  nearby  Sulfur  Bank  (fig.  14.1)  is  an  area  of  active 
fumaroles  (Casadevall  and  Hazlett,  1983)  suggesting  that  a mag- 
matic source  of  heat  and  gas  is  located  at  a shallow  depth  beneath  the 
Steaming  Flats  area. 

DIKES  OF  THE  SOUTH  SET 

The  six  dikes  south  of  Uwckahuna  Bluff  cut  a thinner  section 
of  flows  (15—40  m)  than  do  the  dikes  north  of  Uwekahuna  Bluff 
( 1 20- 1 40  m).  Five  of  these  southern  dikes  are  fine  grained  and  only 
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Figure  14.3.  — Dike  ION  ■>  caldna  **11 

below  Steaming  Bluff.  Caldera  floor  al 
bav  of  cliff  |u*t  below  bottom  of  view. 
Top  of  dike  a about  1 3 m below  caldera 
rim. 


I sparsely  porphyritic.  but  dike  5S  contains  abundant  olivine  phe- 
nocrysts  (tables  14. 1 , 14.2).  Most  of  the  dikes  have  open  or  rubble- 
filled  interiors  that  resemble  the  1971  eruptive  fissure  (Duffield  and 
others,  1982)  (fig.  14.2 D).  These  dikes  may  have  formed  in  a 
manner  similar  to  that  observed  during  the  September  1971  erup- 
tion, in  which  the  same  fissure  served  first  as  a source  of  lava  and 
later  as  a drain  for  surface  flows. 

The  glassy  margins  of  dikes  4S  and  6S  were  dated  by  J. 

I Haibig  (written  commun.,  1985)  using  hydration -rind  techniques. 
The  hydration-rind  ages  have  been  calibrated  elsewhere  at  Kilauea 
for  lava  flows  dated  by  the  radiocarbon  method.  The  dikes  have  ages 
ranging  from  0.55  to  0.45  ka.  No  ages  are  available  for  lava  flows 
in  this  part  of  the  caldera,  so  it  is  difficult  to  evaluate  the  accuracy  of 
these  ages.  If,  as  we  suspect,  the  flows  cut  by  these  dikes  are 
equivalent  to  the  upper  flows  oeposed  at  Uwekahuna  Bluff  (suite  A, 
1.5-0.35  ka;  see  Casadevall  and  Dz unsin,  chapter  I3X  the 
hydration-rind  ages  are  reasonable. 


PETROGRAPHY 

We  examined  28  thin  sections  from  the  dikes  and  identified 
three  rock  types  on  the  basis  of  crystallinity  and  phenocryst  content. 
The  margins  of  most  of  the  dikes  and  related  thin  sills  consist  of  dark 
brown  to  olive  glass  with  sparse  microlites  and  scattered  euhedral 
phenocrysts  of  olivine.  The  margins  range  from  a few  millimeters  to 
several  centimeters  thick  and  pass  gradually  into  the  finely  crystalline 
interiors  of  the  dikes. 

The  cores  of  the  thicker  dikes  are  of  two  textural  varieties,  a 
porphyritic  picrite  (5S  and  IN)  with  a fine-  to  medium-grained 
groundmass  and  an  aphanitic  basalt  with  sparse  olivine  phenocrysts 
in  a groundmass  of  brown  glass  and  plagioclase  microlites.  Olivine 
phenocrysts  in  the  cores  are  generally  corroded  and  resorbed,  in 
contrast  to  their  distinctly  euhedral  habit  in  the  glassy  margins.  Dike 
2N  is  medium  to  coarsely  crystalline  rock  with  only  minor  glass.  It  is 
distinct  from  all  other  dikes  at  Kilauea  and  closely  resembles  the 
Uwekahuna  laccolith,  which  it  appears  to  intrude  and  may  have  fed. 


CHEMISTRY 

MAJOR  AND  TRACE  ELEMENTS 

Fourteen  dikes  were  analyzed  for  major  and  trace  elements, 
including  rare-earth  elements,  sulfur,  and  chlorine  (table  14.2).  The 
major-element  data  were  determined  using  rapid -rock  methods 
(Shapiro,  1975)  and  were  supplemented  by  electron -microprobe 
analyses  of  glass  from  the  margins  of  dikes.  All  analyses  were 
recalculated  on  a dry- weight  basis  after  converting  iron  to  FeO, 
(FeO,  = FeO  + 0.9Fc2O3)  to  facilitate  comparison  of  the  data. 
Our  objective  in  obtaining  these  data  was  to  use  chemistry,  in 
conjunction  with  field  occurrence  and  petrography,  to  characterize 
dikes  or  sets  of  dikes  and  to  relate  the  dikes  to  the  flows  in  the 
Uwekahuna  Bluff  section  (Casadevall  and  Dzunsin,  chapter  1 3). 
Water  (H20  * X sulfur,  and  chlorine  were  measured  to  estimate  the 
orient  to  which  the  dikes  had  degassed. 
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TABLE  14.2.  - — Chemical  analyte t of  tamplet  from  Jtket  in  the  wcit  waN  of  Kilauea  cal  Jet  a 

(Valuev  for  oxides  in  weight  percent;  values  for  trace  elements  in  ports  per  million.  Symbols  '.numbers  and  letters)  used  to  distinguish  samples  in  fa.  14.4;  INAA,  ncutron- 
activatmn  analysis;  AA,  atomic  absorption  analysis;  n.d.,  not  determined;  <,  less  than  Sources  of  data:  for  WASH-11,  Washington  (1923';  for  L!  we  kahuna  laccolith. 
Murau  and  Richter  <1961  if 


Dike 

IS 

IS 

2$ 

2$ 

?S 

3S 

JS 

4S 

4S 

4S 

3S 

Sample 

Symbol 

5614 

W 21 1577 
1 

5615 

W 2115*7 
2 

5616 

* 

5617 

W2U575 

5620 

4 

5621 

4 

W 211574 

4 

5*11 

5 

SiO. 

ai.6, 

51  84 

50.2 

51.75 

49.7 

50.64 

50.78 

50.2 

50.96 

51.65 

50.0 

51.62 

13.96 

13.7 

14.06 

13.5 

13.99 

13.91 

13.4 

13.58 

13  70 

13.7 

1395 

&?• 

n.d. 

1.9 

n.d. 

2.2 

nd. 

n.d. 

2.9 

n.d. 

n.d. 

2.0 

n.d 

10.75 

9.1 

10.94 

9 3 

11.09 

11.10 

8.9 

11.18 

11.16 

9.5 

11.05 

MgO 

6.71 

7.7 

6.63 

7.4 

6.84 

6.77 

7.0 

7.24 

7.10 

7.0 

6.76 

CnO 

10.88 

10.9 

10.96 

10.9 

11.03 

11.09 

11.4 

11.33 

11.22 

11.2 

1095 

Na.O 

KtO 

2.43 

2.3 

2.39 

2.2 

2.22 

2.30 

2.1 

2.31 

2.25 

2.2 

2.12 

.47 

45 

41 

40 

.39 

41 

.41 

.45 

44 

.43 

34 

H»0 

n.d. 

.16 

n.d. 

.01 

n.d. 

n.d. 

.13 

n.d. 

n.d. 

.04 

n.d. 

TiO. 

2.71 

2.5 

2.48 

2.3 

2.50 

2.58 

2.4 

2.38 

2.48 

2.4 

2.35 

9& 

.27 

.26 

.23 

-27 

.23 

.24 

.27 

.26 

.25 

.27 

20 

n.d 

16 

n.d. 

15 

n.d. 

n.d 

.18 

n.d. 

ad. 

.17 

nd 

CO. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

Cl 

n.d. 

.004 

n.d. 

004 

n.d. 

n.d. 

.005 

n.d. 

n.d. 

006 

n.d. 

F 

n.d 

nd. 

n.d. 

n.d. 

n.d, 

n.d. 

n.d. 

n.d. 

nd. 

nd. 

nd. 

S 

n.d 

.042 

n.d 
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nd. 

n.d 
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n.d. 

n.d. 

.049 

n.d. 

Ba 

n.d. 
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n.d. 
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n.d. 

n.d. 
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n.d. 

n.d. 

139 

n.d. 
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n.d. 

44.3 

n.d. 

44.5 

n.d. 

n.d. 

43.3 

n.d. 

n.d. 
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n.d. 
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n.d- 

45 

n.d. 

45 

n.d. 

n.d. 

45 

n.d. 

n.d. 

47 

n.d. 

Cr 

n.d 

454 

n.d. 

408 

nd. 

n.d. 

315 

n.d. 

n.d 

309 

n.d. 

Ni 

n.d. 

190 

n.d. 

140 

n.d. 

n.d 

10t» 

n.d. 

n.d. 

100 

n.d. 

Cu 

n.d. 

120 

n.d. 
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n.d. 

n.d. 

110 

n.d. 

n.d. 

120 

n.d. 

Hi 

n.d. 

3.87 

n.d. 

3.55 

n.d. 

n.d. 

3.99 

n.d. 

n.d. 

3.83 

n.d. 

Rb 

n.d. 

11 

n.d. 

14 

n.d. 

n.d 

13 

n.d. 

n.d. 

13 

n.d. 

Ta 

n.d. 

.87 

n.d. 

.76 

n.d. 

n.d. 

99 

n.d. 

n.d. 

1.08 

n.d. 

Th 

n.d. 

.86 

n.d. 

.7 

n.d. 

n.d. 

.95 

n.d. 

n.d. 

96 

n.d. 

U 

n.d. 

<0.6 

n.d. 

<0.5 

n.d. 

n.d. 

.34 

n.d. 

n.d. 

.37 

nd. 

Zn 

n.d. 

111 

n.d 
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n.d 

n.d- 

108 

n.d. 

nd. 

114 

n.d. 

Zr 

n.d. 
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n.d. 

81 

n.d. 

n.d. 
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n.d. 

n.d. 

76 

n.d. 

Sc 

n.d. 

29.9 

n.d. 

30.6 

n.d. 

n.d. 

31.7 

n.d. 

n.d. 

31.6 

n.d. 

l-a 

n.d. 

12.8 

n.d- 

10.6 

n.d. 

n.d. 
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n.d 

n.d. 

12.3 

n.d. 

Cc 

nd 
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n.d 
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n.d. 

n.d. 

27.8 

n.d. 

n.d. 

28  9 

n.d. 

Nd 
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21 

n.d 

21 

n.d. 

n.d. 

9 

n.d. 

n.d. 

23 

n.d. 

Sm 

n.d. 

5.50 

n.d. 

5.2 

n.d. 

n.d. 

5.35 

n.d. 

n.d. 

5.39 

n.d. 

Eu 

n.d. 

1 92 

n.d. 

1.80 

n.d. 

n.d. 

1.74 

n.d. 

n.d. 

1.78 

nd. 
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n.d. 

5.1 

n.d 

4,7 

n.d. 

n.d 

3.3 

n.d 

n.d. 

4.2 

n.d. 

Tb 

n.d. 

.87 

n.d. 

.79 

n.d. 

n.d. 

.80 

n.d. 

n.d. 

.83 

n.d. 

Tm 

n.d. 

.27 

n.d. 

.23 

n.d. 

n.d. 

.27 

n.d. 

n.d. 

.22 

n.d. 

Yb 

n.d. 

2.05 

n.d. 

2.05 

n.d. 

n.d. 

2.10 

n.d- 

n.d. 

2.20 

n.d. 

Lu 

n.d. 

286 

n.d. 

.310 

n.d. 

n.d. 

.302 

n.d. 

n.d. 

.301 

n.d. 

IMu 

5S 

5$ 

5S 

IN 

IN 

2N 

6N 

7N 

RN 

9N 

ION 

Sample 

Symbol 

5*19 

W 21 140“ 

W 211573 

5622 

W-21 1408 

w-nuiw 

5*2? 

W-2II4IO 

W 21  uil 

W2II415 

W 21 1412 

5 

5 

5 

A 

A 

B 

I- 

G 

H 

1 

1 

SiO, 

AlyO, 

51.06 

46.6 

50.3 

51.38 

48.7 

44.8 

51.63 

50  5 

50.6 

51.3 

51.0 

13.61 

9.5 

13.9 

14.18 

11.3 

6.9 

13.9 

12.7 

13.1 

13.7 

139 

Bf1 

n d. 

1.5 

2 1 

n.d. 

2.0 

2.8 

n.d. 

2.3 

2.1 

2.2 

2.5 

11.00 

10.7 

9.4 

9.% 

9.6 

10.8 

10.87 

9.9 

9.4 

9.1 

8.8 

MgO 

7.17 

202 

7.2 

6.94 

14.3 

26.8 

6.78 

7.3 

7.8 

7.2 

7.0 

CaO 

11.23 

7.7 

109 

11.47 

9.3 

5.9 

11.10 

104 

110 

106 

109 

Na.O 

K.t) 

2.23 

1 6 

2.4 

2.36 

1.9 

99 

2.37 

2.4 

2.2 

2.5 

2.5 

.40 

.33 

.44 

.47 

.37 

.19 

.41 

.50 

45 

.41 

44 

H.O 

n.d. 

35 

.33 

n.d. 

.13 

.31 

n.d. 

.25 

,13 

.22 

16 

Tib, 

245 

17 

2.3 

2.65 

2.1 

1.0 

2 39 

2.9 

2.5 

2.4 

2.4 

r>& 

19 

.21 

.27 

.23 

.25 

.13 

.23 

.35 

.28 

.30 

.28 

n.d. 

19 

.17 

n.d. 

.18 

.20 

n.d 

.20 

.18 

.19 

IS 

CO. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

nd. 

nd 

nd 

ad 

u 

nd. 

004 

005 

n.d. 

004 

,004 

n.d. 

005 

006 

.004 

.004 

F 

n.d. 

n.d 

n.d. 

n.d. 

n.d 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

s 

n.d. 

.024 

.045 

n.d. 

.027 

.015 

n.d. 

.063 

.06K 

.048 

.025 

Ha 

n.d. 

101 

121 

n.d. 

■ 200 

66 

n.d. 

I4X 

130 

103 

-200 

Co  (INAA) 

nd. 

87.9 

40  5 

n.d. 

65.1 

no 

n.d. 

44  6 

46 

42.4 

41.7 

Co  (AA) 

n.d. 

89 

45 

n.d. 

66 

no 

n.d. 

50 

52 

48 

48 

Cr 

n.d. 

1220 

328 

n.d. 

934 

1620 

nd. 

289 

355 

331 

347 

Ni 

n.d. 

9X0 

90 

n.d. 

638) 

1400 

n.d. 

97 

no 

85 

82 

Cu 

n.d 

68 

120 

n.d 

99 

49 

ad 

140 

120 

120 

100 

Hf 

n.d. 

2.48 

3.54 

n.d. 

3.21 

1.50 

n.d. 

4.52 

3.7 

3.6 

3.57 

Rb 

n.d. 

• 30 

19 

n.d. 

-30 

• 30 

n.d. 

<30 

16 

<30 

-.30 

la 

n.d 

66 

82 

n.d. 

.81 

39 

n.d. 

1.13 

91 

.77 

.77 

IYi 

n.d. 

.47 

84 

n.d. 

65 

<.4 

n d. 

.87 

90 

.68 

69 

U 

n.d. 

.33 

• .4 

n.d. 

29 

<.5 

n.d. 

43 

■=.6 

.31 

c.6 

Zn 

n.d. 

104 

10? 

n.d. 

106 

105 

n.d. 

119 

111 

110 

110 

Zr 

n.d 

89 

168 

n.d 

<100 

- 200 

n.d. 

185 

157 

118 

• 200 

Sc 

n.d 

20.9 

29  5 

n.d 

26  5 

19.2 

n d. 

31.9 

31.2 

30.1 

305 

U 

n.d 

8.9 

10  8 

n.d. 

10.2 

4.6 

n.d. 

14.9 

11.5 

10.9 

111 

Ce 

n.d. 

21.3 

250 

n.d. 

24  8 

12.6 

n.d. 

35.5 

29.0 

25  8 

26  0 

Nd 

nil 

15 

16 

nd 

18 

9 

n d. 

25 

19 

17 

19 

Sm 

n.d. 

3.92 

5.22 

n.d. 

4.65 

2.30 

n d. 

6 64 

5 49 

5.39 

5.4 

Eu 

n.d 

1.26 

1 68 

n.d  . 

1.54 

748 

n.d. 

2.17 

1.78 

1.81 

1.72 

Gd 

n.d. 

4.1 

3.X 

n.d. 

5.4 

3.0 

n.d. 

8 1 

64 

6 4 

64 

Tb 

n d 

56 

74 

n d 

.70 

46 

n d 

1 01 

.84 

86 

1 O' 

Tm 

n.d. 

17 

26 

n d 

26 

10 

n.d. 

40 

24 

34 

.27 

Yb 

n d. 

1.40 

2.15 

n.d 

1.70 

91 

nd. 

2.45 

2.03 

2.18 

2 03 

Lu 

n d 

196 

29* 

n.d. 

.253 

132 

n.d. 

35 

30 

.30 

29 
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TABLE  14.2. — Chemical  analytes  of  samples  from  dike*  in  the  uxti  unll  of  Kilauca  caldera — Continued 


Pike 

Sample 

Symbol 

ION 

W-2II4I6 

J 

UN 

W-2II414 

K 

12N 

W H 141* 
L 

UN 

WASH- It 
K 

UN 

WASH  11 
K 

LAC 

UWEMR  1 

U 

LAC 

UWEMK’2 

U 

LAC 

UWEMR- 3 
U 

LAC 

UWEMR  4 

U 

LAC 

UWEMR  S 

U 

LAC 

UWEMR-4 

U 

LAC 

UWEMR  7 

U 

SiO, 

51.2 

50.9 

517 

51.77 

50.53 

48  37 

48.25 

46,59 

46.32 

48.56 

49.50 

52  04 

At  A 

14  * 

13.4 

13.7 

13.54 

13.61 

11.19 

1072 

7,69 

8.58 

11.62 

12.67 

13  20 

Fe»0, 

1.8 

2.1 

2.0 

.75 

1-69 

3.08 

2.14 

2.20 

1.58 

2.9 

4.89 

2.86 

lw 

9.2 

9.3 

9.2 

9.63 

9.30 

8.65 

9.50 

10.46 

10.98 

8.56 

6.36 

8 55 

MgO 

7.0 

7.5 

6.9 

7.33 

701 

15.26 

16.45 

21.79 

21.98 

14.65 

11  55 

5.84 

CnO 

10.6 

10.6 

10.6 

10.57 

10.75 

8.94 

8.79 

7.41 

7.11 

9.36 

10.05 

8.83 

Na,0 

2.3 

2-4 

2.4 

218 

2.16 

1.76 

1.61 

1.33 

1.28 

1.74 

1.99 

2.79 

k>o 

43 

41 

42 

.45 

35 

.28 

.25 

.28 

.21 

.26 

.32 

.83 

H,0 

.29 

10 

30 

n.d. 

n d 

.13 

.11 

41 

.15 

.17 

14 

41 

TfO, 

2.4 

2.4 

2.3 

4.01 

3.68 

1.88 

1.75 

1.83 

1 44 

1.92 

2.14 

4.16 

p,o5 

30 

.29 

.30 

.26 

.20 

.16 

.16 

.11 

.11 

U 

18 

49 

MnO 

18 

19 

17 

.15 

.13 

.17 

.17 

.18 

.17 

16 

16 

.16 

CO, 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d- 

n.d. 

n.d. 

n.d. 

n.d. 

n.d 

a 

.005 

.004 

.005 

n.d. 

n.d. 

n.d 

n.d. 

n.d 

n.d. 

nd. 

nd. 

n.d. 

F 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

S 

.034 

.027 

.065 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

Bu 

112 

99 

105 

n.d. 

n.d 

n.d 

nd 

nd. 

nd. 

n.d. 

n.d. 

n.d- 

Co  INAAi 

37.9 

45 

41.5 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d 

Co  (AA> 

45 

4R 

48 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

Cr 

309 

370 

11X 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

Ni 

97 

120 

94 

n.d. 

n.d. 

n.d. 

nd. 

n.d. 

n.d. 

n.d. 

n.d 

n.d. 

Cu 

120 

100 

120 

n.d. 

n.d 

n.d 

nd. 

n.d. 

n.d 

n.d. 

n.d 

n.d 

Hi 

3.30 

3.6 

3.6 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

Kb 

<20 

<30 

<30 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

Ta 

.68 

.79 

.75 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

Th 

.68 

.83 

,76 

n.d 

nd 

n.d, 

nd. 

n.d. 

n.d 

n.d 

n.d 

nd. 

U 

<3 

<.6 

<.6 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d 

7,a 

98 

120 

115 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

Zr 

RX 

113 

141 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

p.d. 

Sc 

27.5 

31.0 

30.1 

nd, 

nd. 

n.d, 

n.d. 

n.d. 

n.d 

n.d 

n.d 

n.d. 

La 

10.8 

10.7 

10.7 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

Ce 

24.1 

24.9 

25.5 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

p.d. 

Nd 

18 

19 

17 

nd. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d- 

n-d. 

n.d. 

Sm 

5.34 

5 24 

5.24 

nd, 

nd. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

nd. 

n.d. 

F.u 

1.61 

1.71 

1.77 

n.d. 

nd. 

n.d. 

n.d. 

n.d. 

n.d 

n.d. 

n.d. 

n.d. 

(id 

6.6 

6 .1 

5.7 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

Tb 

.85 

86 

.83 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

nd. 

n.d. 

Tm 

.23 

.25 

.33 

nd, 

n.d, 

n.d. 

n.d 

n.d 

nd. 

nd, 

n.d. 

n.d. 

Yb 

2.07 

2.15 

2.32 

n.d. 

n.d, 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

Lu 

.28 

.318 

.321 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

D-d. 

n.d. 

n.d. 

The  dikes  are  tboleutic  basalt  and  have  compositions  similar  to 
those  of  typical  Kilaoea  summit  flows  (Macdonald,  1949;  Wright, 
1971;  Casadevall  and  Dzurisin,  chapter  I3X  for  which  the  main 
control  on  composition  is  the  gain  or  loss  of  olivine  (Powers,  1955; 
Murata  and  Richter,  1966a,  b;  Wright,  1971  X Dikes  of  the  north 
set  and  those  of  the  south  set  are  chemically  similar.  MgO  variation 
diagrams  show  no  obvious  linear  trends  because  most  analyses 
cluster  between  6.6  and  7.8  weight  percent  MgO  (fig.  I4.4AX 
The  cores  of  the  three  picrite  dikes  (5S,  IN,  and  2N)  have  MgO  in 
excess  of  14  weight  percent;  dikes  5N  and  IS  have  glassy  margins 
with  MgO  contents  near  7.0  weight  percent.  The  olivine-control 
lines  for  these  two  dikes  are  similar  to  those  for  lava  flows  of 
Uwekahuna  Bluff  (fig.  14.4;  table  14.3;  Casadevall  and  Dzurisin. 
chapter  I3)l 

Thirteen  dikes  were  analyzed  for  a suite  of  24  trace  elements 
using  a combination  of  instrumental  neutron  activation  (Baedecker, 
I979X  atomic  absorption,  and  X-ray  fluorescence  methods  (table 
I4.2X  Most  of  the  trace  elements  correlate  negatively  with  MgO 
content  (hg.  14.473)  but  dilution  by  settled  olivine  causes  Ni,  Co, 
and  Cr  to  show  positive  correlations  (fig.  14.473)  for  reasons 
discussed  in  Casadevall  and  Dzurisin  (chapter  I3X  Hie  rare-earth- 
element  (REE)  abundances  and  the  shapes  and  slopes  of  chondritr- 
normalized  REE  plots  for  the  dike  samples  (fig.  14.5)  closely 


resemble  those  for  Kiiauea  lava  flows  (Lecman  and  others.  1977. 
1980;  Basaltic  Volcanism  Study  Project,  198 IX  including  those 
from  Uwekahuna  Bluff  (Casadevall  and  Dzurisin.  chapter  13X 

VOLATILE  CONSTITUENTS 

Die  dikes  contain  concentrations  of  water,  sulfur,  and  chlorine 
that  are  higher  than  in  typical  surface-degassed  lava,  but  lower  than 
in  primitive  basaltic  magma  (table  14.4X  Water  content  for  glassy 
margins  of  most  of  the  dikes  is  in  the  range  of  0.13-0.35  weight 
percent;  in  dikes  2S  and  4S  it  is  considerably  lower  (0.01  and  0.04 
weight  percent,  respectively X Sulfur  content  of  glassy  margins  of  the 
dikes  ranges  from  0.042  to  0.068  weight  percent,  and  that  of 
chlorine  from  0.004  to  0.006  weight  percent.  Interiors  of  the  dikes 
generally  have  less  H20,  S,  and  Cl  than  do  their  glassy  margins. 
This  difference  probably  reflects  the  fact  that  glassy  margins  quench 
in  higher  volatile  contents  compared  to  the  more  crystalline  interior 
portions  of  the  dikes.  Fhe  concentrations  in  the  glassy  margins  are 
low  compared  to  the  postulated  abundances  for  parental  Hawaiian 
basaltic  magma  (table  14.4):  0,30-0.45  weight  percent  H20; 
0.10-0.15  weight  percent  S,  and  0.008-0,01 1 weight  percent  Cl 
(Harris  and  Anderson,  1983:  Gerlach  and  Graeber.  1985;  Green- 
land and  others.  1985;  L.P.  Greenland,  written  commun. . I985X 
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VOLCANISM  IN  HAWAII 


Gerlach  and  Graeber  (1983)  and  Greenland  and  others  j 
(1983)  have  demonstrated  that  Hawaiian  magma  loses  volatiles  on 
the  way  to  the  surface  as  well  as  during  eruption.  Loss  of  carbon 
dioxide  probably  begins  soon  after  the  magma  leaves  the  upper  I 
mantle.  Significant  loss  of  water  and  sulfur,  on  the  other  hand,  | 


occurs  when  the  magma  is  at  a confining  pressure  equivalent  to 
several  tens  of  meters  of  lithostatic  load  (Moore,  1970;  Moore  and 
Fabbi.  1971  X although  some  is  lost  while  the  magma  temporarily 
resides  in  the  shallow  summit  reservoir  (Gerlach  and  Graeber.  1985; 
Greenland  and  others,  I985X 


A MgC  CONTENT,  IN  WEIGHT  PERCENT 


FlGURF.  14.4.  — MiO  variation  diagram*  foe  intrusw  rocks  of  Kilauea  caldera  A.  dike  IN;  J.  dike  ION,  K.  dike  I IN;  L, 
dike  I2N.  O.  dike  ION;  U.  UwrkahaiM  laccolith  Alan  plotted  are  olivine  control  hors  for  the  psrntic  *uite  C lava  flows  at 
L' v* rkahuisa  Bluff  ICasadrvall  and  Dzurttin.  chapter  1 3);  these  lines  are  not  drnvrd  from  the  plotted  data  hut  instead  provide  a 
comparison  between  the  caldera  intrusions  and  the  lava  flows  they  intruded.  Data  for  L'wekahuna  laccolith  from  Murata  and 
Kichlrr  (1961).  Other  number  and  letter  symbols  refer  to  samples  listed  in  table  14.2.  A,  Major -element  abundances.  B. 
Trace  element  abundances  C.  Rare-earlh-clemrnt  abundance* 
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TABLE  14. 3.  — Coefficient  of  altcirte  control  fine*  ( rqodions  of  the  form  y - ax  ± b)  for  Kilauea  rntrusioc  rvcip  and  Iom  fiat* 

[y  is  ihc  major  oxide  or  eletneni.  t is  the  MgO  comen i,  a is  the  slope,  and  is  they  intercept  value  at  MgO  - 0 weight  percent.  Values  fur  inkles  ui  weight  percent;  values  for 
trace  elements  in  parts  per  million.  Data  sources:  Dikes,  this  paper;  U we  kahuna  laccolith,  Mura  la  and  Richter  1 1961);  Uwekahuna  Bluff  suite  C Hows,  Casadevall  and 
Dxumin  (chapter  I?;;  prehistoric  paboehoe  picnte  complex  (PPPC)  flows  and  prehistoric  Kilauea  caldera  and  Hilina  (PHKJLCAL)  flows,  Wnght  (1971).  FeO,,  total  iron 
ondc  - FeO  + 0.9  Fe^O,;  n.d.,  not  determined] 


Element  oxide 

Slope 

(a) 

Uncertainty 

laiercepi 

(b) 

Dike  SS 

SiO, 

-0.356 

± 0.047 

53.651 

-.332 

-.024 

16  181 

m 

-.016 

10.404 

CaO 

-.262 

t .025 

12.931 

Na,0 

K.O 

TiO. 

.048 

-.015 

2.563 

-.005 

- .007 

.435 

-.057 

±.014 

2.845 

-.005 

±.019 

.314 

.002 

n.d. 

.148 

Dike  IN 


SiO, 

AJ  A 

Feb 

CjO 

Na.O 

K.O 

TiO. 

-0.363 
- .391 
.196 
-300 
-.063 
-.014 
-.075 
.003 
n.d 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

53.898 

16.896 

8.602 

13.554 

2.794 

.564 

3.169 

.211 

n.d. 

Uwekahuna  laccolith 

SiO, 

-0.307 

±0.017 

53  394 

aj.6, 

-.455 

± .056 

18.202 

Feb 

.160 

±.013 

8.935 

CaO 

-.275 

±.019 

13.342 

Na*0 

-.066 

= .005 

2 744 

K,0 

-.006 

±005 

.367 

TtO. 

-.045 

±023 

2.603 

PA 

-.006 

±.002 

.253 

MdO 

.001 

- .001 

144 

Uwekahuna  Bluff  suite  C flows 


SiO, 

-0.248 

*0.064 

$1,828 

-.336 

±.025 

15.852 

.071 

±.037 

10.811 

CaO 

-.306 

±056 

13.797 

Na,0 

-.070 

* .008 

2,822 

K»0 

Tfo, 

-.015 

±003 

556 

.086 

±015 

3.348 

-.001 

±.003 

.348 

-.002 

±.002 

.183 

Ba 

.565 

±2.649 

100.346 

Co  (INAA) 

3.297 

±.253 

19.006 

Lava  flows  from  Kilauea  and  Mauna  Loa  that  have  traveled 
several  kilometers  from  their  feeding  vents  have  low  water  contents  of 
0.01  -0.10  weight  percent,  low  total  sulfur  (0.004-0.007  weight 
percentX  and  chloride  contents  of  0.005-0.006  weight  percent 
(Swanson  and  Fabbi,  1973;  L.P.  Greenland,  written  commun. , 
I985X  These  volatile  contents  are  similar  to  those  of  surface-fed 
fracture  fillings  at  Hilina  Pali  (Easton  and  Lockwood,  1983;  table 
I4.4X  but  lower  than  most  dikes  in  the  west  caldera  wall.  Surface 
flows  within  a few  hundred  meters  of  a vent  may  have  higher  volatile 
contents  (0.01  weight  percent  S;  0.009  weight  percent  Cl)  (Swan- 
son and  Fabbi,  1973X 

DISCUSSION  OF  CHEMISTRY 

The  major-  and  trace-element  chemistry  of  the  dikes  and 
Uwekahuna  laccolith  is  similar  to  that  of  lava  flows  at  Uwekahuna 
Bluff.  In  a companion  paper  (Casadevall  and  D/urisin,  chapter  1 3X 
we  compare  the  composition  of  lava  flows  at  Uwekahuna  Bluff  at  a 


Element  nude 

Slope 

(a) 

Umeminry 

lntmvyi 

(b) 

Uwekahuna  Bluff  suite  C flows — Continued 

Co(AA) 

2.772 

*.353 

29.385 

Cr 

63.771 

±6.067 

2.147 

Ni 

65.268 

*5.240 

368.050 

Cu 

-3.969 

±1.398 

151.439 

Hf 

- .113 

±025 

4.831 

Rb 

-.289 

±.345 

16  829 

Ta 

-.032 

± .009 

1.272 

Th 

-.025 

±.005 

1.001 

U 

-.005 

±.012 

.369 

Zn 

-.700 

*.600 

118.175 

Zr 

-3.137 

= 2.066 

171.211 

Sc 

-.635 

±.074 

36.140 

La 

■ .409 

±.079 

15.931 

Ce 

-.800 

±.162 

36  090 

Nd 

-.578 

:.267 

25.673 

$m 

-.170 

±033 

7.194 

Gd 

-.291 

±.070 

9.128 

Tb 

-.029 

±.008 

1.186 

Tm 

-.011 

±.004 

432 

Yb 

-.068 

±.012 

2.822 

Lu 

- .009 

±.002 

0.392 

Prehistoric  pahochoc  picrite  complex  (PPPC)  flows 


SiO, 

-0.289 

±0.023 

52.894 

aiA 

-.357 

-.010 

16.643 

Feb 

.068 

±.017 

10.480 

CaO 

- 288 

±.017 

13  184 

Na,0 

-.053 

-.007 

2.691 

K.O 

-.014 

± .003 

.561 

TfO, 

-.065 

- .006 

2 906 

pA 

- .006 

• .001 

266 

MnO 

.000 

n.d. 

164 

0,0, 

.008 

.001 

- .009 

Prehistoric  Kilauea  caldera  and  Hilina  flows  (PHKILCAL) 


SiO, 

-0.317 

±0.021 

53.327 

AlrO, 

-.354 

±.029 

10.585 

FeO 

.081 

3 .030 

10.260 

CjO 

- ,266 

* .016 

13  044 

Na.O 

.065 

±.005 

2.753 

K.O 

-.012 

±.001 

.497 

Tb; 

-.057 

*.012 

2 843 

P,os 

- .005 

± .031 

259 

Mnb 

n.d. 

n.d. 

n.d. 

constant  MgO  content  of  7.0  weight  percent,  by  addition  or 
subtraction  of  olivine  from  the  bulk  composition.  We  apply  the  same 
approach  here  to  the  intrusions.  We  used  the  olivine  composition  for 
the  Uwekahuna  laccolith  determined  by  Murala  and  Richter  (1961) 
and  recalculated  the  composition  for  each  analysis  to  7.0  weight 
percent  MgO.  We  then  averaged  the  normalized  magma  composi- 
tions for  dikes  of  the  south  set  and  the  north  set  (table  I4.5X  The 
major-element  and  trace-element  compositions  of  the  intrusive  bodies 
strongly  resemble  those  of  the  succession  of  flows  at  Uwekahuna 
Bluff. 

Olivine-control  lines  for  dikes  5S  and  1 N , as  well  as  for  the 
Uwekahuna  laccolith,  have  dopes  similar  to  those  for  prehistoric 
Kilauea  summit  flows  and  the  regional  prehistoric  pahoehoe  picrite 
complex  (PPPC)  of  the  summit  region  (Wight,  1971 X and  the 
picritic  flows  (suite  C-)  of  the  Uwekahuna  Bluff  section  (table  14.3; 
flg.  I4.4A;  Casadevall  and  Dzurisin,  chapter  I 3X  Hiese  similarities 
indicate  that  the  inagma  of  the  picritic  dikes  and  the  laccolith  is 
chemically  similar  to  other  magmas  of  the  Kilauea  summit  region. 
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Table  14.4.  — Vobute  contents  of  samples  from  Kslatea  caldera  drifts  and  other  //uuttiwn  mtntuiv  and 
cxtruui*  nx^i 

[All  vah»et  in  weight  percent  For  Kilauea  dikes  H .O'  content  by  muddied  Penhcld  method,  analyses  by  CHN  water 
analyzer  uncertainty  *3-5  percent  of  reported  value  i.  total  sulfur  analyse*  bv  Leco  sulfur  analyzer  with  infrared 
detector  ; uncertainty  ± 0.005  weight  percent  j;  total  chlunne  analyses  using  separation  bv  Conway  cell  method, 
measured  by  selective  ion  electrode  uncertainty  * 0.002  weight  percent  ' Other  samples.  1-4*  Easton  and  Lockwood 
(1983),  Swanson  and  Fabbi  (1973  ;;  10-17*  L.P.  Greenland,  written  commun.  • 19S4  >;  data  for  primitive  Hawaiian 
magma  from  Greenland  ; in  press  . Greenland  and  other*  > 1985  . and  Gertacb  and  Graeber  1985';.  also  include*  0.65 
weight  percent  CO.) 


Sample 

Laboratory 

number 

HjO- 

Sulfur 

Chloride 

Total 

volatile* 

CofiuncBH 

Kilauea  caldera  dikes,  south  set 

IS 

W-2 11577 

0.16 

0042 

0 004 

0 206 

Glass  margin 

2S 

W-211576 

01 

049 

004 

064 

Glass  margin 

3S 

W-211575 

.13 

066 

005 

201 

Glass  margin. 

4S 

'*'•211574 

.04 

049 

l»U6 

.095 

Glass  nuntm 

ss 

W-  2 11573 

.33 

.045 

005 

380 

Glass  margin 

ss 

W21I407 

.35 

.024 

.004 

.37* 

Picnte  interior 

Kilauea  caldera  dikes,  north  set 

IN 

W-2 11408 

.13 

.027 

004 

161 

Picnic  inienof. 

2N 

*’-211409 

.31 

.015 

.004 

.329 

Cuts  laccolith. 

7N 

*-211410 

.25 

.063 

.005 

.318 

Glass  margin 

8N 

*'•211411 

.13 

068 

006 

204 

Glass  margin 

9N 

*'•211415 

.22 

.048 

.004 

.272 

Glass  margin. 

ION 

*'•21141 2 

16 

.025 

.004 

189 

Interior 

ION 

*-211416 

29 

034 

005 

.329 

15  m below  run 

I1N 

*'-211414 

10 

027 

■004 

.131 

Margin 

I2N 

W- 21 1413 

.30 

.065 

.005 

.370 

Glass  margin 

Other  samples 

Total 

Field  number 

H/O' 

Sulfur 

1-hkonJe 

volatile* 

Ccenmrnn 

(1)  L-78-6B 

009 

004 

02 

0 33  Mauru  Loa  dike 

(2)  L-78-7 

.13 

05 

004 

1 84 

Manna  Loa  dike 

(3)  L-78-8 

.15 

.03 

<.05 

<.23 

Mauru  Lou  dike. 

(4)  L-78-9 

.13 

.05 

.1 

.28 

Mauru  Loa  dike. 

(5)  L-77-35B 

.05 

Oil 

.006 

067 

Hilina  dike. 

i6i  L-77-35C 

.06 

Oil 

.007 

.078 

HiLrna  dike. 

m 

w 

005 

.007 

102 

Lvtekahuna  laccolith. 

IS.  DAS7I-121 3-136 

04 

02 

.009 

069 

Kilauea  surface  flow 

f9i  DAS7I-1213-137 

04 

02 

.009 

069 

Kilauea  surface  flow 

(10)  K 71 

.13 

016 

008 

154 

Puu  Oo,  April  19*4 

(11.  K 72 

.16 

008 

008 

176 

Puu  Oo,  April  1984 

(12)  ML  117 

.10 

016 

.006 

.122 

Mauai  Loa.  April  1984. 

Primitive  Hawaiian  magma  (unde  gassed! 

.30-45 

.10-15 

.008-  011 

.41-65 

The  lava  flows  deformed  by  the  laccolith  are  picritic,  and  we  have 
interpreted  them  as  ponded  in  an  ancient  caldtrra  (Casadevall  and 
Dzurism.  chapter  I3X 

The  chilled  margin  of  the  Uwekahuna  laccolith  has  a low  total 
volatile  content  (table  14.4)  that  Easton  and  Lockwood  (1983) 
attributed  to  degassing  in  a surface  lake  before  intrusion.  The 
picritic  nature  and  low  sulfur  contents  of  dikes  IN  (0.027  weight 
percent  S)  and  2N  (0.015  weight  percent  S)  indicate  an  origin 
similar  to  that  of  the  laccolith.  We  concur  with  the  interpretation  of 
Murala  and  Richter  (1961,  p.433)  that  the  laccolith  was  derived 
from  “lateral  injection  during  a prehistoric  period  of  refilling  of  the 
caldera,"  We  further  suggest  that  dikes  IN  and  2N  formed  by 
lateral  injection  from  a picritic  lava  lake,  since  destroyed  by  collapse 
of  the  caldera.  This  lake  may  have  been  produced  by  eruption  of  the 
picritic  lava  of  suite  C.  The  mtrusives  may  have  derived  from  the 
lake  and  invaded  its  earlier  overflows. 

Dike  5S,  on  the  other  hand,  cuts  flows  that  are  younger  than 
the  picritic  flows  of  suite  C,  and  therefore  cannot  be  considered 
contemporaneous  with  either  dikes  I N and  2N  or  with  the  laccolith. 
This  dike  cuts  several  tens  of  meters  of  lava  flows  in  the  southwest 


caldera  wall;  it  may  have  fed  a nearby  olivine-rich  lava  flow  ciposcd 
along  Crater  Rim  Drive.  That  flow  forms  part  of  the  regional 
prehistoric  pahoehoe  picritic  complex  (PPPC)  of  Wright  ( 197 1 X as 
mapped  by  Walker  (1969).  R.T.  Holcomb  (oral  commun.,  I985X 
suggests  that  the  PPPC  probably  represents  a series  of  overflows 
from  the  summit  region,  a suggestion  consistent  with  the  possibility 
that  dike  5S  fed  at  least  part  of  the  PPPC. 

The  water,  sulfur,  and  chlorine  contents  of  the  Kilauea  intrusive 
rocks  (table  14.4)  indicate  that  about  half  of  the  parental  abundance 
of  these  constituents  was  lost  before  the  dikes  solidified.  Easton  and 
[.ockwood  (1983)  suggested  that  low  total  volatile  content  for  the 
chilled  margin  of  an  intrusive  body  indicates  that  the  body  was  fed 
by  a surface  flow  draining  into  an  existing  fissure  or  by  lateral 
injection  from  a surface  lake,  and  not  by  intrusion  from  depth.  The 
combined  water,  sulfur,  and  chlorine  contents  for  Kilauea  summit 
dikes  (table  14.4)  are  high  compared  to  those  of  degassed  surface 
flows  that  have  traveled  some  distance  from  their  vent  (Swanson  and 
Fabbi,  1973)  and  to  those  of  Hilina  Pali  crack  fillings  (Easton  and 
Lockwood,  1983)  However,  we  have  no  data  on  the  volatile 
abundances  in  summit  lava,  which  contains  a higher  initial  volatile 
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Tahijk  14.5.' — Chemical  composition  of  infrwiiv  and  crfruwiY  rock*  /'om  Uux  kahuna  Bluff,  Ktlauca  lomparcd  ictih  avragci  for  Kdauca  and  \ fauna  Laa  Vo/canoci 

[ Analyses  recalculated  to  100  percent  dry  weight  after  convening  all  iron  to  PcO,^  and  normalized  to  7.0  weight  percent  MgO  by  wbiraciing  or  adding  olivine  of  Uwekahuna 
laccolith  composition  (Murata  and  RkhteT,  1961,  anaiyvit  10i.  Sources  of  data;  Kilauea  caldera  dike  sets,  this  paper.  Uwekahuna  laccolith.  Murata  and  Richter  (1961); 
Uwekahuna  Bluff  flow  suites,  Casadevall  and  Dzunsin  s chapter  13);  Kilauea  (1911-24  summit  lavas)  and  Mauna  Loa  ihistuncal  eruptions'  averages,  Basaltic  Vblcanwm 
Study  Project  (1981).  n.d.,  not  determined] 


Kilauea  caldera  dike* 

I'wckahuna 

taccohlh 

Uwrkahun*  Blulf  fW  mho 

Kilauea 

Mauna  Loa 

North  hi 

South  hi 

A 

B 

C 

D 

SiO. 

Sl.31rO.44 

51. 14?  0.50 

51.20*0.17 

51.10*0.23 

50  90*0.39 

50  60  - 0.78 

50  23  : 0.25 

50.70  - 0.31 

52.45*0.31 

aj,o, 

13.8  *0.4 

13.9  ±0.2 

14.0  *0.8 

13.7  ?0.2 

13.6  ?0.2 

13.6  ?0.3 

13.7  ±0.2 

13.S7?0.12 

13.94*0.10 

let) 

11.1  ? 0.6 

11.2  ?0.2 

10.8  : 0.4 

11.7  ?0.3 

11.8  ?0.3 

11.3  ±0.5 

11.4  ?0.3 

11.03-0.20 

10.62*0.49 

MgO 

7.0 

7.0 

7.0 

7.0 

7.0 

7.0 

7.0 

7,0 

7.0 

CaO 

11.0  ?0.4 

11.2  ±0.2 

11  6 ? 0.2 

10  6 *0.2 

10  9 *0.3 

11.7  *0.7 

11.7  ;0.4 

11  65?  0.33 

10.73*0  15 

Na,Q 

2.3  ?0.1 

2.3  ?0.1 

2.2  ?0.1 

2.4  *0.1 

2.3  ?0.1 

2.3  *0.1 

2.3  ?0.1 

2.32?  0.04 

2.36*0.06 

K..t> 

.43  * 0.04 

.43?  0.04 

.37?  0.05 

44-0.02 

.43-0.03 

44-0.04 

48-0.03 

.53-0  04 

.39-0.03 

Tfo, 

2.68  r 0.58 

2.45  ±0. 12 

2.46  ?0.24 

2.5 1 - 0.08 

2.49:0.12 

2.62:0.21 

2 68  -0.CM 

2.73*0.11 

2.10*0  04 

P.°A 

.28?  0.04 

.33?  0.12 

19*0.02 

30*0.01 

29  3 0.01 

28-0,04 

30*0,01 

29*0.01 

24  -0  02 

MnO 

• I8?0.02 

.17*0.01 

.17*0.01 

.17?  0.02 

.17-0.01 

,16?0.02 

.19*0.01 

.17?  0.01 

. 17  ? 0.01 

Ba 

121  ?20 

128  *17 

n.d. 

118  ? 19 

118  *23 

127  ? 29 

136  ?I1 

138  t 18 

84  *14 

Cu 

117  r 13 

117  *7 

n.d. 

122  r 16 

116  ? 12 

119  *17 

91  *22 

n.d. 

n.d. 

Hf 

3-70  * 041 

3 80*0.16 

nd. 

3 91  *0.14 

3 83  *0.16 

4.02*0.30 

3 99  - 0.08 

4.58*0.17 

3.59-0.11 

Rb 

16, n.d. 

14  *3 

o.d. 

12  *3 

13  *1 

16  *3 

14,  n.d. 

11  *3 

6 *1 

Ta 

86*0.15 

.93  ±0.12 

n.d. 

.88-0.06 

88*0.11 

1.02*0.10 

1.12*0.0 2 

n.d. 

n.d. 

Th 

.77*0.10 

85?0.ll 

n.d. 

86  * 0.07 

.81  :0.10 

.80*0.06 

97  • 0.02 

1.28*0.22 

55*0.03 

Zn 

127  r 36 

118  s 21 

n.d. 

111  ?3 

111  *3 

132  ? 14 

113  *5 

n.d. 

n.d. 

Zr 

135  *35 

126  *41 

n.d. 

153  -17 

145  *15 

156  *25 

172  *41 

159  *20 

130  *5 

Sc 

32.0  *3.5 

31.2  *0.9 

n.d. 

31.4  ?0.9 

32.8  *0.7 

33.5  ? 1.4 

31.8  ? 0.4 

33.0  ?2.0 

31.0  ? 1.2 

La 

11.5  *1.6 

12.2  *1.1 

n.d. 

1 1.8  *0.8 

11.6  1 1.2 

12.7  *1.0 

13.7  ?0.3 

15.1  -*1.7 

8 9 -0.6 

C > 

27.8  *3.7 

28.4  ?2. 7 

nd. 

28,9  *1.6 

28.3  *2.0 

30.7  ±1.9 

32.7  *0.5 

37.5  *3.2 

23.9  ? 1.4 

Nd 

20  *3 

19  ? 5 

n.d. 

20  *3 

21  *3 

22  *3 

23  *2 

n.d. 

n.d. 

Sm 

5.5  *0.5 

5.5  ?0.3 

n.d. 

5.7  ?0.1 

5.7  *0.3 

6.0  *0.4 

5.9  ±0.1 

6.2  ±0.2 

5.0  *0  2 

Eu 

1.78  ±0.19 

1.83*0.09 

n.d. 

1.89*0.05 

1.84*0.06 

1.92*0.10 

1 93*0  03 

2,00*0  07 

1 69  - 0 04 

Gd 

6.6  ±0.7 

4.8  *1.4 

n.d. 

6.1  * 1.4 

6,2  ? 0.9 

6,4  *1.0 

6.7  *0.7 

n.d. 

n.d. 

Th 

.91  *0.08 

.82 1 0.0* 

n.d. 

96  1 0.04 

96*004 

.97*0.10 

.93*0.03 

96?  0.03 

86-0.04 

Tm 

,29*0.06 

.25?  0.02 

n.d. 

,33?0.O6 

.34  ? 0.04 

.34?  0.05 

.31?  0.02 

n.d. 

n.d. 

Yb 

2.16*0.17 

2.14*0.06 

n.d. 

2.25?  0.11 

2.20?  0.1 3 

2.31  ? 0.14 

2.17*0  06 

2.05?  0.03 

2.10*0  04 

Lu 

.31 

.30 

nd. 

.31 

.31 

.33 

.32 

.26 

.31 

contenl  than  rift-zone  lava  (Gerlach  and  Graeber,  1985)  or  on  those 
of  any  flow  close  to  its  vent.  This  makes  it  difficult  to  use  volatile 
content  as  an  indicator  of  origin  for  the  dikes. 

We  interpret  the  major-,  trace-,  and  volatile-element  data  for 
the  dikes  to  indicate  that  they  are  composed  of  Kilauea  magma  that 
had  an  origin  and  evolution  similar  to  that  of  the  prehistoric  flows  of 
Uwekahuna  Bluff.  On  the  basis  of  contact  relations  and  the  higher 
volatile-element  abundances  in  the  dike  rocks  than  in  surface  flows,  i 
we  tentatively  conclude  that  most  or  all  of  the  dikes  were  injected 
from  depth  or  laterally,  not  fed  by  surface  flows. 

ORIGIN  OF  THE  DIKES 

Igneous  dikes  are  classically  interpreted  (Anderson,  1938)  to 
form  by  forceful  injection,  in  which  magma  pressure  exceeds  the  least 
compressive  stress  acting  across  a potential  dike  plane.  The  extent  to 
which  existing  fractures  and  regional  structural  fabric  influence  the 
propagation  of  dikes  varies  from  one  tectonic  setting  to  another 
(Delaney  and  others,  1986).  Most  dikes  in  Kilauea  caldera  trend 
northeasterly,  roughly  parallel  to  major  structural  elements  such  as 
the  southwest  and  cast  rift  zones,  the  Hitina  and  Koae  fault  systems, 
and  the  linear  west  wall  of  the  caldera.  These  elements  were  created 
by  seaward  migration  of  the  south  flank  of  the  volcano  (Piske  and 
Jackson,  1972;  Swanson  and  others,  I976X 

STRUCTURAL  SETTING 

The  dikes  in  the  summit  region  are  confined  to  the  west  wall 
(fig.  14.  IJ  Most  have  a northeast  orientation,  similar  to  that  of 


surface  fractures  around  the  west  rim  of  the  caldera  and  to  the  strike 
of  the  southwest  rift  zone  (N.  48°  E.;  fig.  1 4.6).  Ground  cracks 
extend  south  west  ward  into  the  southwest  rift  zone  and  northeast- 
ward only  to  the  Steaming  Flats  area  (de  Saint  Ours.  I982X 

The  pattern  of  dikes  and  other  structural  elements  suggests  that 
the  dikes  formed  in  a stress  field  reflecting  the  combined  influences  of 
the  summit  magma  reservoir  (radial)  and  a linear  zone  of  weakness 
related  to  the  contact  between  the  edifices  of  Kilauea  and  Mauna 
Loa  (N.  40°  E X That  contact  might  be  a zone  of  reduced 
compression  if  gravity  pulls  the  unbuttressed  Kilauea  edifice  seaward 
away  from  Mauna  Loa  (Fiske  and  Jackson,  1972;  Swanson  and 
others,  I976X  We  postulate  that  this  zone  offers  a preferred  path  to 
the  surface  for  magma  in  fractures  in  the  volcanos  summit  region. 
According  to  this  model,  the  southwest  rift  zone,  the  caldera  rim  at 
Uwekahuna  Bluff,  and  the  northeasterly  dikes  all  reflect  control  by  a 
structural  element  related  to  the  contact  between  Mauna  Loa  and 
Kilauea. 

SHALLOW  DIKE  EMPLACEMENT  AT  KILAUEA 

The  northeasterly  orientation  of  many  of  the  modem  eruptive 
fissures  within  the  Kilauea  summit  region  (those  of  1954.  1971, 
1974,  1975,  1982)  indicates  that  the  northeasterly  trend  is  still  the 
favored  orientation  for  fissure -fed  eruptions.  These  fissures  are 
typically  discontinuous  and  m places  show  echelon  offsets  along  their 
strike  (Pollard  and  others,  I983X  They  often  propagate  in  the  form 
of  slowly  migrating  surface  cracks  as  an  eruption  develops  (Duffield 
and  others,  1982);  seldom  do  these  ground  cracks  and  fissures  erupt 
along  their  entire  length  (Pollard  and  others,  I983X  intrusions  of 
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magma  into  the  summit  region  and  rift  zones,  some  of  which  cause 
surface  deformation  and  ground  breakage,  account  for  about  65 
percent  of  the  magma  supplied  from  Kilaueas  shallow  magma 
reservoir;  only  about  35  percent  is  erupted  (Dzurisin  and  others, 
1984).  Most  of  these  intrusions  probably  form  dikes  (Swanson  and 
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Fk  iURE  14.5.  — Rare  earth -element  (REE)  plots  showvig  choodnte  normalized 
altundanrn  for  north  and  south  dike  sell,  Abundance*  are  normalized  to  chondrtte 
values  (Haslun  and  others.  I%8.1  Analytical  precision  for  Nd,  Gd.  and  Tm  is 
poor  (greater  than  1 6 percent  of  reported  value  in  table  1 4,2X  and  these  elemenli 
are  not  plotted. 


others,  1976;  Pollard  and  others,  1982;  Dvorak  and  others,  1986) 
that  reach  shallow  depths  without  erupting. 

A number  of  the  dikes  in  Kilauea  caldera  occupy  fractures  that 
continue  to  the  caldera  ran  (fig.  14.3)  but  provide  no  evidence  of 
having  vented.  We  tentatively  conclude  that  many  of  the  dikes 
reached  or  started  from  very  shallow  depths  but  simply  did  not  vent , 
at  least  not  on  the  surface  directly  overlying  their  present  host 
fractures  in  the  caldera  wall.  We  reason  that  the  driving  force  of 
vesiculation,  which  increases  as  the  dike  nears  the  surface,  is 
opposed  by  the  weight  of  the  magma,  which  also  increases  as  the 
dike  nears  the  surface.  Partly  for  this  reason,  many  shallow  dikes 
move  laterally  more  than  vertically  and  vent  only  when  their  paths 
intersect  the  volcanos  sloping  flanks  along  a rift  zone.  Intrusions  into 
Kilaueas  rift  zones  commonly  cause  surface  deformation  and  frac- 
tures, indicating  that  magma  reached  within  a few  tens  to  hundreds 
of  meters  of  the  surface  without  venting  (Pollard  and  others,  1983; 
Dvorak  and  others,  1986).  Once  the  top  of  a dike  is  shallow  enough 
to  cause  ground  fractures,  loss  of  magmatic  volatiles  through  those 
fractures  may  cause  the  dikes  movement  to  stall  without  venting, 
Even  if  a dike  succeeds  in  reaching  the  surface  somewhere  along  its 
length,  field  observations  during  eruptions  at  Kilauea  show  that  vents 
are  typically  separated  by  cracked  or  deformed  areas  that  do  not 
vent;  in  other  words,  the  dike  does  not  vent  along  much  of  its  length. 

We  therefore  conclude  that  ( I ) many  shallow  dikes  at  Kilauea 
do  not  vent;  (2)  dikes  can  stall  at  almost  any  depth  because  of  loss  of 
volatiles  or  increasing  potential  energy;  and  (3)  dikes  that  do  vent 
usually  do  so  along  only  a part  of  their  total  length.  If  these 
inferences  are  correct,  the  lack  of  identifiable  vent  deposits  above 
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FlGIJfV.  14.6.  — Rom-  diagram  showing  orientation  of  dikes,  writ  wall  of  Kilauea 
caldera.  Abo  plotted  are  the  orientations  of  the  southwest  nft  zone  (S \&  RZ)  and 
the  western  wall  of  the  caldera  at  N.  46°  E.  and  N.  40°  E.,  respectively 
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many  dikes  at  Kilauca  caldera  does  not  preclude  an  origin  by 
forceful  injection,  either  laterally  or  from  below. 

CONCLUSIONS 

The  main  results  of  our  study  are  the  following: 

(1)  Hie  Uwekahuna  laccolith  is  the  largest  intrusive  mass 
exposed  in  the  west  wall  of  the  caldera.  Contact  relations  indicate 
that  most  or  all  of  the  other  dense  lenses  of  rock  in  the  wall  are  thick 
subaerial  lava  flows. 

(2)  Eighteen  dikes  occur  in  the  western  wall  of  Kilauea 
caldera,  12  north  of  and  in  Uwekahuna  Bluff  and  6 south  of  the 
bluff.  The  combined  width  of  these  dikes  is  only  about  1 3 m and 
accounts  for  less  than  I percent  of  the  length  of  the  west  wall. 

(3)  Of  the  12  dikes  in  the  north  set,  5 occupy  fractures  cutting 
through  the  entire  section  of  flows  making  up  the  west  wall.  Thus, 
these  dikes  were  emplaced  after  all  the  flows  had  been  extruded,  but 
before  the  current  caldera  had  formed. 

(4)  The  composition  of  all  dikes  is  remarkably  uniform  after 
the  effects  of  olivine  control  are  removed.  The  dikes  are  chemically 
similar  to  the  undifferentiated  summit  lavas  ocposed  at  Uwekahuna 
Bluff  and  elsewhere  in  the  Kilauea  summit  region. 

(5)  Contact  relations  and  the  volatile  abundances  of  the  dikes 
imply  that  most  formed  through  injection,  either  laterally  or  from 
depth.  Dikes  IN  and  2N  have  low  volatile  contents  and  are 
chemically  similar  to  the  Uwekahuna  laccolith  and  to  the  picritic  lava 
flows  of  Uwekahuna  Bluff:  they  may  have  formed  by  lateral  injection 
of  magma  from  a lava  lake  into  a ponded  sequence  of  picritic  flows. 

(6)  The  orientations  of  1 3 dikes  are  similar  to  the  structural 
grain  formed  by  the  western  half  of  Kilauea  caldera,  the  southwest 
rift  zone,  and  the  east  rift  zone.  We  conclude  that  the  dikes  formed 
under  the  combined  influences  of  stresses  caused  by  flexing  of  the 
summit  magma  reservoir  and  gravitational  separation  of  Kilauea  and 
Mauna  Loa. 

(7)  The  dikes  of  Kilauea  calderas  west  wall  cut  a succession  of 
lavas  that  accumulated  after  the  eruption  of  the  Uwekahuna  Ash 
Member,  possibly  as  early  as  2.1  ka  (Dzurisin  and  Casadevall, 
1986;  Lockwood  and  Rubin,  I986X  but  before  the  formation  of  the 
present  caldera. 

FUTURE  STUDIES 

Several  ideas  about  the  origin  of  intrusive  bodies  at  Kilauea 
caldera  could  be  tested  through  further  study.  The  relative  ages  of 
the  dikes  and  the  Uwekahuna  laccolith  could  be  determined  by 
systematic  paleomagnetic  study  supplemented  by  hydration- rind 
dating  of  glass  from  the  margins  of  the  dikes.  The  possible  influence 
of  regional  structural  fabric  on  dike  propagation  could  be  investi- 
gated through  careful  measurements  of  structural  features  such  as 
fractures  and  joint  sets  in  the  vicinity  of  each  dike  (Delaney  and 
others,  1986).  More  careful  examination  of  the  tops  of  the  dikes  and 
a thorough  search  for  possible  vent  deposits  could  provide  additional 
clues  to  their  origins.  Finally,  additional  measurements  of  volatile 
content  of  summit  flows  are  necessary  if  the  abundance  of  volatiles, 
especially  sulfur  and  chlorine,  is  to  be  rigorously  used  as  an  indicator 
of  dike  provenance. 
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AN  EARLY  19TH  CENTURY  RETICULITE  PUMICE  FROM  KILAUEA 

VOLCANO 


By  Robert  P.  Sharp1,  Daniel  Dzurisin,  and  Michael  C.  Malm2 


ABSTRACT 

Remnants  of  a fragmented  rcticulite  pumice  deposit, 
referred  to  as  the  golden  pumice,  along  the  southwest  rim  of 
Kilauea  caldera  are  the  product  of  episodes  of  lava  fountaining 
of  undocumented  date  within  the  c aider  a.  At  it*  best  locality,  the 
2.8-m  deposit  consist*  of  a basal  fine-grained,  well-bedded  unit, 
20  cm  thick;  an  intermediate  massive  homogeneous  unit,  1 m 
thick,  consisting  of  coarse,  jagged,  firmly  packed  fragments; 
and  an  upper  fine-grained  unit,  1.6  m thick,  of  well-sorted  and 
well-bedded  pumice.  The  intermediate  unit  may  be  a product  of 
massive  direct  fallout  from  lava  fountains,  and  the  finer  grained 
upper  and  lower  units  may  be  pumice  wind-drifted  from  a plume 
plus  pumiceous  debris  reworked  by  wind.  The  pumice  locally 
re»t*  with  angular  unconformity  on  beds  of  1790  pyroclastic 
debris  and  is  overlain  by  a thin  layer  of  1924  lithic  tephra. 
Layers  of  reworked  pumiceous  debris  and  1790  lithic  debris 
within  the  golden  pumice  suggest  that  its  emplacement  was 
episodic  and  may  have  occurred  over  a year  or  two.  The 
stratigraphic  succession  and  recorded  observations  of  volcanic 
activity  since  1823  indicate  that  the  pumice  formed  between 
1790  and  1823.  The  amount  of  erosion  and  deposition  occurring 
between  emplacement  of  the  1790  deposits  and  the  pumice 
favors  a date  in  the  later  part  of  this  interval,  possibly  around 
1820.  We  speculate  that  the  golden  pumice  represents  early 
phases  in  development  of  the  lava  conduit  for  the  current  fire-pit 
crater,  Halcmaumau,  the  most  active  center  within  Kilauea 
caldera  during  the  19th  and  20th  centuries. 


INTRODUCTION 

Surficial  deposits  of  fragmented  reticulite  pumice  at  the  south- 
west edge  of  Kilauea  Crater  were  thought  by  Jaggar  (1925,  p.  3,  8) 
to  be  part  of  an  underlying  deposit  of  pyroclastic  debris  erupted  in 
1790,  and  they  were  included,  by  inference  at  least,  within  the 
Keanakakoi  Formation  by  Wentworth  (1938,  p.  93).  Christiansen 
interprets  this  pumice  as  a product  of  high  lava  fountains  following 
an  earlier  episode  of  phreatomagmatic  activity  about  1 790  (Chris- 
tiansen, 1979;  Decker  and  Christiansen,  1984,  p.  125);  Mac- 
donald and  Abbott  (1970,  p.  315)  seemingly  agree.  The  deposit  is 
clearly  not  related  to  pumice  at  the  base  of  the  Keanakakoi 
Formation  of  Wentworth  (1938.  p.  95-%,  101)  or  to  pumiceous 
products  of  post- 1 924  events  (Wentworth,  1938,  p.  149;  Mac- 
donald, 1955,  p.  57;  Macdonald  and  Abbott.  1970,  p.  92-93; 
Richter  and  others,  1970,  p.  E5-E.36X  In  order  to  distinguish  this 


particular  reticulite  pumke  from  such  older  and  younger  deposits  of 
similar  nature,  it  is  here  informally  called  the  golden  pumice.  Its 
stratigraphic  position,  between  materials  erupted  in  1790  and  1924, 
was  recognized  by  Macdonald  (1949,  p.  70,  72)  and  Macdonald 
and  Abbott  (1970,  p.  31 5X  who  did  not,  however,  discuss  its  origin 
or  precise  age.  In  this  paper  we  present  evidence  that  it  represents  a 
distinct  event,  separate  from  1790  activity  but  early  within  the 
1790-1924  interval,  an  interpretation  seemingly  favored,  but  with- 
out supporting  arguments,  by  Finch  (I947X  Powers  (1948,  plate 
3DX  and  Steams  (1966b,  p.  40X 
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LOCATION  AND  DISTRIBUTION 

Accumulations  of  the  golden  punuce  are  best  preserved  along 
' the  southwest  margin  of  Kilauea  caldera  (hg.  1 5.  IX  The  nearly 
| circular.  1-km-wide  pit  crater  of  Halcmaumau,  last  active  in  1982, 
indents  the  caldera  floor  within  I km  of  the  best  pumice  exposures. 
The  thickest  accumulations  of  the  golden  punuce  are  trapped  within 
open  cracks  and  stream-cut  gullies  dissecting  the  southwest  caldera 
wall  and  the  immediately  adjacent  outer  slope  of  the  volcano, 
northwest  and  southeast  of  Crater  Rim  Road  where  it  descends  to 
the  caldera  floor  (fig.  1 5.  IX  bor  convenience,  the  channels  are 
termed  caldera -wall  gullies,  although  the  larger  ones  extend  head- 
ward  tens  of  meters  outside  the  caldera  rim.  The  first  1 3 larger 
gullies  south -southeast  (fig.  15.2)  of  the  descending  reach  of  Crater 
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Figure  15.1.  — Map*  fealurt*  of  Kilauea  Crater  Mid  location  of  beat  aectioo  of  (be 
golden  pumice. 


Rim  Rood  expose  particularly  informative  sections.  For  identifica- 
tion. these  gullies  are  sequentially  numbered  south  from  Crater  Rim 
Road  as  l-S,  2-S,  and  so  on. 

Remnants  of  the  golden  pumke  also  lie  in  protected  places 
within  the  Kau  Desert  from  the  caldera  run  southwestward  more 
than  3 km.  to  and  beyond  Cone  Peak  (fig.  1 5.  IX  Their  greater 
abundance  in  the  northwestern  part  of  the  Kau  Desert  presumably 
reflects  the  direction  of  the  dominant  trade-wind  flow  (S.  60° -70° 
W.)  somewhat  oblique  to  the  S.  45°  W.  axial  trend  of  the  desert 
tract. 

MICROSTRATIGRAPHIC  UNITS  AND  RELATIONS 
(SEE  FIG.  15.3) 

THE  1790  PART  OF  THE  KEANAKAKOI  FORMATION  OF 
WENTWORTH  (1938) 

Stratigraphy  of  the  Keanakakoi  Formation  of  Wentworth 
(1938,  p.  92-104;  see  also.  Powers,  1948)  has  been  most 
thoroughly  and  recently  investigated  by  Christiansen  (1979;  Decker 
and  Christiansen,  1984,  p.  124-127)  in  a study  not  yet  fully 
published.  During  investigation  of  stripping  of  Keanakakoi  debris  in 
Kau  Desert,  Malm  and  others  (1983,  p.  1 149-1 150)  divided  the 
1 790  part  of  the  formation  into  three  units:  upper  lithic,  intermediate 
predominantly  vitnc,  and  lower  mixed  lithic  and  vitnc;  this  subdivi- 
sion is  employed  here. 

Sherzer  (1923,  p.  460-461 X Finch  (1947,  p.  2X  and  Powers 
(1948.  p.  288)  felt  that  only  the  upper  lithic  unit,  or  part  of  it,  was 
emplaced  by  the  1790  phreatomagmatic  eruptions  of  Kilauea,  but 
Christiansen  (1979)  attributes  the  bulk  of  the  Keanakakoi  Formation 
of  Wentworth  (1938)  to  an  evolutionary  cycle  of  such  activity  that 
began  around  1 790.  Malm  and  others  (1983,  p.  1151,  II 55)  favor 


Christiansens  interpretation,  but  they  suggest,  largely  because  of 
evidence  of  penecontemporaneous  redistribution  of  tephra,  that  the 
successive  eruptions  occurred  over  a period  of  several  years,  includ- 
ing 1790.  Easton  (chapter  II)  has  reduced  the  rank  of  the 
Keanakakoi  and  included  it  in  his  Puna  Basalt.  Eastons  Kea- 
nakakoi Ash  Member  consists  mostly  of  deposits  of  the  1790 
eruption,  but  slightly  older  reticulite  pumice  occurs  at  the  base  and 
the  golden  pumice  at  the  top.  In  this  paper  we  will  use  the  modifier 
1 790  to  designate  that  part  of  the  Keanakakoi  thought  to  have  been 
formed  by  these  explosive  eruptions,  without  meaning  to  imply  thal 
all  the  material  was  necessarily  emplaced  within  the  single  year 

1790. 

THE  RETICULITE  (GOLDEN)  PUMICE 

The  thickest,  most  complete  section  of  golden  pumice  observed 
(fig.  1 5.4)  lies  within  the  head  of  a gully  extending  outward  from  the 
caldera  rim  along  a crack  bearing  S.  55°  W.  in  the  southwest  rift 
zone  (fig.  1 5.  IX  This  exposure  is  about  30  m from  the  caldera 
bnnk,  roughly  50  m northeast  of  Crater  Rim  Road,  78  m N.  15° 
E.  from  the  SW  Rift  sign  at  the  parking  turnout,  and  205  m S.  3 7° 
E.  of  BM  3742  (Kilauea  Crater  quadrangjeX  Withm  the  2.8-m 
section  exposed  here,  upper,  intermediate,  and  basal  units  are 
distinguished  (fig.  I5.3X 

The  basal  20  cm  are  well  layered  and  consist  of  abraded 
looking  pumice  fragments,  mostly  about  I cm  in  size,  m a sparse 
sand-size  matrix  of  angular  vitric  fragments.  This  basal  unit  includes 
much  Peles  hair  and  a few  scattered  lithic  clasts  as  large  as  6 mm. 
and  near  the  top  it  contains  a coarse  sandy  layer  rich  in  lithic  grains. 

The  massive,  homogeneous  intermediate  unit,  I m thick, 
consists  of  closely  packed  jagged  pumice  fragments,  mostly  2-5  cm 
in  diameter  but  ranging  from  I cm  to  10  an.  It  is  nearly  devoid  of 
matrix,  except  for  irregular  vitric  fragments  broken  from  compacted 
pumice  clasts.  Tight  packing  has  made  the  jagged  pumice  fragments 
interlock,  giving  the  unit  a cohesion  that  is  expressed  m a near- 
vertical  outcrop  face  and  in  the  toughness  of  detached  pieces.  No 
lithic  fragments  have  been  found  within  primary  deposits  of  this 
coarse  pumice,  either  here  or  in  many  other  exposures. 

The  upper  unit  consists  of  1 .6  m of  thinly  and  evenly  bedded 
pumice,  the  fragments  being  mostly  of  I -cm  size.  These  clasts, 
although  still  angular,  are  consistently  smaller,  more  regularly 
shaped,  less  jagged,  and  far  more  uniform  m size  than  clasts  of  the 
intermediate  unit.  However,  53  an  above  the  base  of  the  upper  unit 
is  a 5 -cm  layer  of  coarser  fragments  with  intermediale-unit  charac- 
teristics. Beds  in  the  upper  unit  are  mostly  3-4  cm  thick,  though 
ranging  from  I cm  to  7 cm,  and  generally  have  a sparse  matrix  of 
sand-size  vitric  fragments.  They  do  not  display  the  inverse  grading 
that  typically  results  from  flow  emplacement  (Sparks,  I976X  Dis- 
tributed throughout  the  upper  unit  are  I -cm-thick  continuous  beds 
principally  composed  of  dense  glass  fragments;  these  layers  empha- 
size the  wrll-bedded  aspect  of  this  unit.  Much  Peles  hair  is  also 
present,  especially  in  the  lower  part  of  the  unit,  and  a few  sparsely 
scattered  lithic  fragments,  several  millimeters  in  diameter,  have  been 
found.  In  the  best  section,  a 4-cm  sandy  layer  10  cm  from  the  top 
contains  numerous  lithic  and  crystal  grains,  some  well  worn.  More 
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FlCURE  15.2. — VW  south -southeast  from  Crater  Ran  Road  showing  20  m- high  tephra  mantled  southwest  wall  at  KUauea  Crater,  caldera-wall  gullies.  and  1974  Urva  low 
along  left  margin.  Light  reflects  from  patches  of  crusted  veneer  on  the  detntal  apron.  U S Geological  Survey  photograph  by  J.D  Griggs. 


and  larger  lithic  fragments  are  seen  within  the  upper  unit  at  some 
other  localities,  where  secondary  reworking  has  clearly  occurred 
(figs.  15.5  A.  15.6* 

In  the  best  section,  contacts  between  these  units  are  sharp  but 
conformable.  Elsewhere , the  contact  between  upper  and  intermedi- 
ate units  is  unconformable  (fig.  1 5.7)  or  marked  by  layers  containing 
reworked  lithic  materials  (fig.  15.5 A).  Disconformities  and  layers  of 
reworked  pumiceous  and  lithic  debris  also  are  found  within  the  upper 
unit. 

At  the  best  section,  the  golden  pumice  rests  with  sharp  contact 
upon  coarse  lithic-vitric  sand,  possibly  dating  from  1790;  elsewhere 
it  rests  upon  fluvial  gravels,  1 790  pyroclastic  beds,  or  lava  bedrock. 
Not  all  exposures  of  pumice  display  all  units,  the  basal  and 
intermediate  units  being  more  nearly  ubiquitous  and  of  less  varying 
thickness  than  the  upper  unit.  Remnant  patches  of  pumice  in  the  Kau 
Desert  immediately  southwest  of  the  caldera  run  arc  slablike  and 
probably  primary,  but  within  a few  hundred  meters  farther  south- 
west the  stratigraphy  of  the  best  section  disappears  and  the  packing 
and  shape  of  pumice  fragments  change;  preservation  of  these 
accumulations  in  settings  protected  from  the  northeast  trade  winds 


suggests  secondary  eoban  reworking  and  redistribution.  A second- 
ary surficial  crust  of  grayish  chocolate- brown  hue  and  irregular 
lumpy  tniture  has  formed  on  most  such  deposits,  masking  the  nature 
of  the  underlying  matenal.  This  crust,  2-4  mm  thick,  fractures 
easily  owing  to  fragility  of  the  understratum,  but  the  crust  itself  is 
firm.  Even  though  surficial  crusts  are  known  to  form  rapidly  on 
surfaces  in  the  Kau  Desert  (Malin  and  others,  1983,  p.  1 1 50X  the 
thickness  and  firmness  of  this  crust  indicate  at  least  slight  antiquity 
for  the  deposits. 

The  golden  pumice  is  primarily  a reticulite  (Wentworth  and 
Williams.  1932,  p.  41,  47-50)  consisting  of  delicate,  intercon- 
nected filaments  of  sideromelane  glass  (Heiken,  1974,  p.  5)  outlin- 
ing oval  and  crudely  polygonal  patterns  0.5-2  mm  in  diameter.  It  is 
not  as  close  to  a perfect  reticulite  (Stone,  1926.  p.  29;  Macdonald, 
1972,  p.  127)  as  the  basal  Kranakakoi  pumice  (Wentworth,  1938, 
p.  95-96;  Heiken,  1974,  p.  5;  Christiansen,  1979)  or  as  that 
produced  by  the  1969-1974  Mauna  Ulu  fountains,  because  it  has  a 
wider  range  in  the  size  and  shape  of  openings  and  a more  copious 
coating  of  dense  black,  gray,  or  brown  glass  on  fragments.  The 
golden  pumice  is  light,  having  a specific  gravity  near  0.06  and  a 
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FliiUKh  IS. 3. — Schematic  columnar  section,  within  area  of  southwest  caldera  rim. 
Units  shown:  A.  Crater -wall  lava  Sows.  >100  m thick,  age  at  top  0 2-0.35  ka 
(Holcomb.  I960,  p.  2S3>  B.  C.  Keanakakoi  Ash  Member.  B.  1790  deposits, 
lower  (Lk  intermediate  (Ik  and  upper  (U)  units  (Malm  and  others.  1983k  4 m 
dmk  C.  Golden  pumice,  basal  (Bk  intermediate  (Ik  and  upper  (U)  units.  2.8  m 
thick,  date  about  1820.  D.  Reworked  mixed  punuceous  and  1790  bthsc  debris.  I 
m thick,  date  about  1820.  £,  Ijthic  lephra.  1-7  cm  thick,  dale  1924  F. 
Pabnehoe  lava  Bow*.  2 - J m thick,  dales  197 1 and  1974. 


porosity  probably  approaching  97  percent,  and  is  so  fragile  that  it 
crushes  easily  in  the  hand.  In  more  perfect  Hawaiian  retKulite, 
Wentworth  (1938,  p.  1 49)  measured  a specific  gravity  of  0.043  and 
estimated  a porosity  of  about  98  percent,  consistent  with  Danas 
(1891,  p.  163)  earlier  figures.  Although  reticulite  can  form  as  a 
froth  on  the  surface  of  some  ponded  gas-rich  lava  Bows  near  vents, 
most  Hawaiian  reticulite  is  regarded  as  the  product  of  vigorous  lava 
fountaining. 

REWORKED  1790  LITHIC  DEBRIS  AND  PUMICE 

Within  the  deposits  constituting  the  detrital  apron  (fig.  I 5.8) 
dissected  by  the  caldera -wall  gullies  are  layers  of  reworked  material 
derived  from  the  adjacent  tephra -mantled  caldera  wall.  These 
layers,  mostly  10-40  cm  thick,  may  consist  solely  of  1790  lithic 
fragments,  solely  of  pumice,  or  of  mixtures  of  lithic  and  pumiceous 
fragments.  Such  layers  lying  below,  between,  and  above  beds 
composed  solely  of  primary  pumice  (figs.  15.5-15.7)  indicate  that 
reworked  debris  was  being  intermittently  delivered  to  the  detntai 
apron  before,  dunng,  and  after  emplacement  of  the  golden  pumice. 


1924  LITHIC  TEPHRA 

The  historically  observed  (Jaggar  and  Finch,  1924;  Steams. 
1925;  Jaggar,  1947,  p.  205-259)  explosive  phreatic  eruption  of 


Fit. I HI  I V 4 Bert  section  of  Holcirn  pumare  exposed  in  gulh  near  southwest  nm 
of  kilaue*  raider*  B.  hedded  basal  unit.  I.  massive  intermediate  unit.  U.  upper 
well- layered  unit  The  widen  pumice  is  here  overlain  by  1924  crusted  lilhk  tepfua 
U S Geologic  <il  Survey  photograph  by  J.D.  Griggs. 
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FlCUKK  15.5. — Examples  of  angular  unconformities  cl  golden  punuce  and  associ- 
ated beds  with  1790  deposits  below  and  crusted  apron  veneer  above.  I.  1790 
beds;  2,  reworked  1790  btluc  debris.  20-40  cm  thick;  5.  basal  and  intermediate 
units  of  golden  punuce,  45  cm;  4.  upper  unit  of  pumice,  >1  m;  5,  reworked  mixed 
pumiccous  and  btluc  debns,  60  cm;  6,  apron  veneer  of  reworked  loose  btluc  vitnc 
sand,  20  on;  7,  crust  on  apron  veneer.  Angular  unconformities  below  2 and  6. 
and  dnconformily  below  5.  A . South  wal  of  caldera-wall  gully  6-S.  B.  South 
wall  of  caldera  wall  gully  9-S. 


Kilauea  in  1924  produced  a thin  mantle,  now  crusted,  of  fine  ash 
and  sand-  to  granule-size  fragments,  mostly  of  dense  lava,  which 
covered  much  of  the  study  area  (Finch,  1925;  Powers,  1948,  plate 
3D;  Macdonald,  1949,  p,  72;  Macdonald  and  Abbott,  1970,  p. 
3 1 53  Scattered  remnants  of  this  mantle  remain,  tilling  shallow  swales 
or  forming  residual  scabs  rising  a few  centimeters  in  relief  on  the 
present  surface  near  and  for  a few  hundred  meters  southwest  of  the 
southwest  caldera  rim. 

Most  such  patches  cover  areas  of  only  a few  square  meters  or 
less.  They  are  as  much  as  7 cm  thick,  but  more  commonly  2-4  cm. 
Although  variable,  the  deposits  display  a reasonably  consistent 
microstratigraphy:  a basal  1-4  cm  of  distinctive  pink,  irregularly- 
laminated  tine  ash.  in  many  places  containing  accretionary  iapilli,  is 
succeeded  by  0.3-0. 5 cm  of  loose,  matrix-free  angular  lithic 
granules,  overlain  by  1-2  cm  of  gray  ash  containing  coarse  sand  and 
angular  lithic  granules,  topped  by  a hrm  1-3  mm  crust  in  which 
abundant  angular  lithic  granules  are  embedded.  The  crust  has  a 
distinctive  rough  lecture,  imparted  by  the  projecting  granules,  and  a 


medium  brown  color.  Occasional  larger  lithic  fragments  (2-4  cm)  in 
this  crust  may  have  been  secondarily  introduced  from  nearby 
exposures  of  1790  lithic  debris,  because  fragments  that  large  do  not 
here  characterize  the  1924  material  beneath  the  crust.  Lithologies  of 
the  lithic  clasts  in  this  deposit  appear  to  duplicate  those  in  the  block 
field  created  around  Halemaumau  by  the  1924  explosions.  In  the 
study  area,  the  1924  tephra  rests  upon  golden  pumice  (Stone,  1926, 
p.  29)  or,  where  that  is  lacking,  directly  upon  the  1790  upper  lithic 
unit. 

APRON  VENEER  AND  CRUST 

A layer  of  loose  sand  and  granule  particles,  5-20  cm  thick, 
capped  by  a firm  crust,  1-3  cm  thick,  veneers  large  parts  of  the 
interfluve  surface  of  the  detrital  apron  in  the  area  of  caldera-wall 
gullies,  south -southeast  of  Crater  Rim  Road  (fig.  15.23  In  its 
texture,  firmness,  setting,  and  general  appearance,  this  crust  so 
closely  resembles  the  1924  crust  that  it  was  initially  and  mistakenly 
so  identified.  However,  it  is  pinkish  rather  than  brown  and  lacks  the 
characteristic  underlying  microstratigraphy,  especially  the  fine  ash. 
Furthermore,  the  sand  and  granule  grains  of  this  crust  and  the 
underlying  conformable  layers  are  a mixture  of  vitrk  and  lithic 
particles,  not  solely  lithic  as  in  the  1924  deposit. 

The  apron  veneer  is  a reworked  deposit,  which  may  contain 
1924  debris  but  also  includes  older  material,  much  of  it  vitnc  and 
probably  derived  from  the  golden  pumice.  It  presumably  dates  from 
later  than  1924,  but  because  of  its  thickness  and  coherence  perhaps 
only  one  or  two  decades  later.  It  has  been  undermined  by  lateral 
recession  of  the  walls  of  arroyo-like  gullies,  1-2  m deep,  cut  into  the 
alluvial  apron,  and  so  the  crust  may  antedate  that  episode  of 
dissection.  In  many  exposures,  the  apron  crust  makes  a spectacular 


FlCiUHt  15.6.  — North  wall,  lower  reach  of  gully  5-S.  A.  reworked  lilhic  debcu. 
B,  haul  and  intermediate  (coone)  punuce  units.  C,  primarily  reworked  lithic 
debm.  D.  reworked  mixed  pumiceous  and  btluc  material  E,  detrital  apron  crust. 
U.S.  Geological  Survey  photograph  by  J.D.  Cnggv 
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Figure  1 5. 7.  — Example*  ai  unconformity  between  upper  and  tntermrdiale  units  of 
golden  pumice.  I,  1790  bed*;  2,  reworked  1790  kUac  debris;  3,  basal  and 
intermediate  unit*  of  pumice;  4,  upper  unit  of  pumice;  5.  reworked  coarse  pumice; 
6.  reworked  mixed  puratceous  and  bduc  drbris;  7,  crusted  apron  veneer.  A,  North 
wall  of  gully  8— S;  B.  South  wall  of  gully  l-S. 


angular  unconformity  with  the  golden  pumice  and  associated  depos- 
its (figs.  15.5.  15. 7A) 


SETTING  AND  RELATIONS 

Microstratigraphic  relations  are  best  exposed  in  the  first  13 
major  caldera- wall  gullies  south  of  Crater  Rim  Road.  Each  gully 
consists  of  a steep  V-shaped  upper  reach  indenting  the  caldera  wall 
and  a gentler,  flat -floored  arroyo-like  reach  cut  into  the  detrital 
apron  below  (fig.  15.8)  and  each  gully  has  experienced  at  least 
three  episodes  of  dissection.  Initially,  narrow  steep- walled  slots, 
2-3  m deep,  were  formed  in  the  nearly  horizontal  lava  flows 
composing  the  steep  caldera  walls,  presumably  by  rock  falls, 
avalanching,  and  fluvial  erosion.  ITiesc  bedrock  slots  were  subse- 
quently partly  or  wholly  filled  by  1790  debris,  forming  some 
spectacular  examples  of  tephra-bed  draping  or  base-surge  plastering 


on  steep  bedrock  faces  (fig.  15.9)  Much  of  the  1790  debris  was 
subsequently  removed  by  further  erosion,  which  locally  cut  through 
to  bedrock.  Deposits  of  pumice  then  partly  refilled  the  gullies, 
mantled  the  upper  gully  walls,  and  added  to  the  detnta!  apron.  Such 
gully-wall  pumice  mantles  form  a striking  large-angle  unconformity 
with  the  more  steeply  inclined  1790  beds  (fig.  15.9).  Continued 
erosion  has  subsequently  removed  much  of  this  caldera-wall  pumice, 
but  remnants  are  still  seen  on  walls  in  the  upper  reaches  of  many 
gullies,  particularly  8-S  (fig.  15.10)  A smaller  angle  unconformity 
between  1790  beds  and  the  golden  pumice,  or  associated  con- 
formable layers  of  reworked  materials,  is  displayed  in  the  walls  of  the 
lower  reaches  of  many  gullies  (figs.  15.5,  1 5. 1 1 ) A sharp  angular 
unconformity  also  separates  1 790  ash  beds  from  reworked  deposits 
of  golden  pumice  in  the  Kau  Desert  (fig.  15. 12) 

Storm-water  erosion  within  the  gullies  and  colluvial  reworking 
of  debns  mantling  the  caldera  wall,  both  of  which  occurred  contem- 
poraneously with  deposition  of  the  upper  golden  pumice  unit,  added 
material  to  the  detrital  apron.  Eventually  most  of  the  easily  transpor- 
table debns  was  removed  from  the  caldera  wall,  and  regradmg  and 
dissection  of  the  depositions!  apron  occurred  as  the  detrital  load 
decreased.  Lavas  emplaced  in  1971  and  1974  now  bury  the  outer 
margin  of  the  detntal  apron  (fig.  15.8) 


ORIGIN  AND  EMPLACEMENT  OF  THE  GOLDEN 
PUMICE 

Historically,  deposits  of  fragmented  reticulite  in  Hawaii  have 
been  formed  by  high  lava  fountains  associated  with  fissure  eruptions 
on  the  flanks  (Swanson  and  others,  1971)  and  in  the  summit  calderas 
of  Kilauea  (Macdonald  and  Abbott,  1970,  p.  82,  93;  Richter  and 
others,  1970)  and  Mauna  Loa  (Macdonald  and  Abbott,  1970,  p. 
62)  The  golden  pumice  has  generally  been  regarded  as  the  product 
of  lava  fountaimng  at  an  unidentified  site  or  sites  within  Kilauea 
caldera.  One  can  speculate  concerning  the  changes  that  occurred  at 
that  source  to  produce  the  differences  between  the  coarse,  homoge- 


SOUTMWEST 


i Figure  15.8. — Schematic  cross  section  at  detnlal  apron  at  caldera-wall  gullies 
A.  lava  flow*  of  caldera  wall;  B.  lalu*  from  caldera  wall;  C,  1790  bed*;  D. 
longitudinal  profile  of  floor  of  caldera  wall  gully;  L.  golden  pumice  and  associated 
reworked  punucrous  and  lilhic  debns;  F,  crusted  apron  veneer;  G,  1971  and  1974 
pahoboe  lava  flow*. 
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FlCURE  15.9. — Stump-deformed  1790  uh  liym  plulnrd  on  (tldna  wall  and 
uncoeformably  overlain  by  reworked  btluc  rubble  and  golden  pumice,  south  aide  of 
caldera-wail  gully  3-S.  A.  inferred  caldera  wall;  B,  1790  ash  bed»;  C,  lithic  - 
cobble  nibble;  D,  lower  and  intermediate  units  of  golden  punuce- 


neous,  massive,  tightly  packed  intermediate  unit  and  the  finer,  well- 
layered,  better  sorted,  more  loosely  packed  basal  and  upper  units. 

Reticulite  is  so  light  that  the  behavior  of  individual  fragments  is 
strongly  influenced  by  air  currents;  smaller  particles,  those  with 
minimal  glass  coating,  and  those  thrown  highest  are  presumably  the 
most  strongly  affected.  Motion  pictures  of  lava  fountains  show  a 
central  cone  of  debris  falling  back  to  the  ground  close  to  the 
fountain.  This  we  shall  term  direct  fallout  to  distinguish  it  from  the 
more  diaphanous  plumes  of  material  that  drift  for  greater  distances 
downwind  (fig.  15.13).  Most  direct  fallout  follows  a reasonably 
normal  trajectory  and  consists  largely  of  dense  lapilli,  glass,  spatter 
and  other  forms  of  consolidated  lava.  A transition  presumably  ctists 
between  such  direct  fallout  and  drifted  plume  material.  The  coarse, 
closely  packed  pumice  fragments  of  the  intermediate  unit  appear  to 
have  come  down  directly  out  of  the  air,  without  significant  secondary 
tumbling,  wear  or  reworking.  We  speculate  that  it  accumulated  in  the 
outermost  part  of  the  fallout  zone  and  that  large  pumice  fragments 
were  so  abundant  they  formed  a clotted  mass.  We  therefore  refer  to 
it  as  direct-fallout  pumice,  even  though  it  probably  drifted  to  some 
degree  with  the  wind  before  coming  to  the  ground. 

Deposits  of  plume  pumice  should  consist  of  smaller  and  better 
sorted  fragments,  possibly  showing  some  evidence  of  attrition  owing 
to  buffeting  contacts  within  the  plume.  If  strong  winds  accompany 
the  eruption,  as  commonly  happens  in  Hawaii,  such  fragments  may 
apenence  some  eolian  transport  over  the  ground  surface  before 
coming  to  rest.  Despite  this  complexity  in  their  history,  accumula- 
tions of  both  fallout  and  plume  pumice  are  herein  treated  as  primary. 
Both  are  highly  susceptible  to  reworking  by  wind  or  water  subse- 
quent to  their  initial  deposition,  and  such  reworking  imposes  dif- 
ferences in  texture,  packing,  coherence,  fragment  shape, 


contamination,  and  degree  of  layering  that  identify  the  resulting 
accumulations  as  of  secondary  origin. 

Indications  that  much  of  the  material  composing  the  upper  and 
basal  units  of  the  golden  pumice  has  been  secondarily  transported  by 
wind  include  the  following:  Good  sorting;  thin,  even,  regular 
layering;  local  cross -lamination;  wear  on  pumice  particles  that  has 
made  them  less  jagged  and  removed  some  of  the  surficial  glass 
coating;  open  packing;  thm  discrete  layers  of  fine  glass  fragments; 
and  inclusion  of  scattered  lithic  fragments,  2-3  mm  in  size,  and  thin 
layers  rich  in  lithic  sand.  The  well-bedded  appearance  of  the  upper 
and  basal  units  results  largely  from  the  presence  of  numerous  thin, 
continuous,  even  layers  of  fine  vitric  fragments  that  have  specific 
gravities  at  least  25  times  that  of  reticulite.  These  layers  most  likely 
formed  as  lag  concentrates  at  times  when  strong  trade  winds  removed 
accumulated  pumice  particles  from  the  study  area,  leaving  the 
smaller,  denser  glass  fragments.  Less  probably,  they  may  represent 
either  changes  in  material  being  ejected  or  in  the  sorting  of  materials 
within  plumes.  Although  the  upper  and  lower  units  of  the  golden 
pumice  contain  a number  of  thin  layers  that  may  be  primary  plume 
pumice,  and  the  upper  unit  clearly  contains  one  5-cm  layer  of 
primary  fallout  pumice,  both  units  are  inferred  to  be  largely 
secondary  in  origin,  on  the  basis  especially  of  their  excellent  thin, 
regular  bedding. 

Deposition  of  fallout  pumice  and  of  plume  or  secondary  pumice 
at  the  same  site  at  different  times  could  be  caused  by  changes  in  the 
magnitude  of  foun taming  at  a fixed  source  or  by  migration  of 
fountaining  along  a rift.  Both  are  known  to  occur  in  Hawaii. 
Whatever  the  change  was  during  the  formation  of  the  golden  pumice, 
it  was  abrupt,  not  transitional,  because  the  contacts  between  units 


FIGURE  15.10.  — Remnant*  of  draped  basal  and  intermediate  unit*  of  golden 
pumice  resting  with  angular  unconformity  on  1 790  bed*  on  northwest  wail  of  gully 
8-5-  A,  caldera-wall  lavas;  B.  1790  beds;  C.  golden  pumice  U.S  Geological 
Survey  photograph  by  J.  D Gnggv 


Digitized  by  Google 


402 


VOLCANISM  IN  HAWAII 


NORTHWEST 


I I » J 

FkAlRt  15.11.  — Angular  uiKooformaly  of  dr  aped  basal  and  intermediate  units  of 
golden  puntue  on  1790  bed*,  north  wall  of  gully  7-S.  A.  lavas;  B.  lower  and 
intermediate  units  of  1 790  deposits.  C,  upper  lithn  unit  of  I 790  deposits.  D,  basal 
and  mlrrmrdialr  units  of  golden  pumice. 


are  sharp.  We  find  no  compelling  evidence  to  choose  between  these 
two  alternatives,  but  it  is  perhaps  simpler  to  imagine  variations  in 
fountainmg  at  a fixed  site,  especially  in  accounting  for  the  isolated  5- 
cm  coarse  fallout  layer  in  the  upper  unit.  The  microstratigraphy  of 
the  golden  pumice  and  associated  deposits  in  the  caldera-wall  gullies 
(figs.  15.5-15.7)  suggests  that  fountaining  ceased  completely  on 
occasion,  allowing  both  deposition  by  other  processes  and  erosion  to 
occur. 

TEMPORAL  CONSIDERATIONS 

When,  within  the  1790-1924  period,  was  the  golden  pumice 
emplaced,  and  how  much  time  was  involved?  Dana  (1691.  p.  43) 
visited  Kilauea  in  1877  and  described  deposits  of  reticulite  along  the 
caldera  rim  resting  on  coarse  lithic  conglomerate.  This  was  almost 
certainly  the  golden  pumice  on  the  1790  upper  lithic  unit.  Wilkes's 
1641  description  (1845,  p.  169-170)  of  coarse  pumice  filling  open 
cracks  of  the  southwest  rift  is  almost  identical  to  our  description  of 
the  golden  pumice  intermediate  unit.  Observations  of  spumose  lava, 
light  as  a sponge,  wind-drifted,  and  visible  all  around  on  the  surface 
of  the  Kau  Desert  a short  walk  southwest  of  Kilauea  on  August  I , 

1823  (Goodrich.  1826,  p.  22;  Ellis.  1827,  p.  I62X  strongly 

suggest  that  the  golden  pumice  had  been  formed  by  that  time. 
Probably  it  had  formed  not  long  before,  because  the  pumice 
fragments  were  abundant  and  widely  scattered  and  the  deposits 
apparently  not  crusted,  as  they  are  now.  These  observations,  and 
the  improbability  that  lava  fountaining  adequate  to  create  the  golden 
pumice  would  go  unrecorded  after  1823  (Dana.  1891  X point  to  the 
1790-1823  mterval  as  the  likely  time  for  the  units  origin. 

A time  late  in  that  period  would  be  particularly  favored  if  the 
considerable  erosion  and  reworking  of  1 790  lithic  debris  that 
occurred  before  pumice  emplacement  had  been  accomplished  by 
normal  fluvial  and  colluvial  processes.  However,  the  possibility  that 
a more  powerful  process,  such  as  base  surge,  might  have  produced 


the  effects  rather  quickly  deserves  consideration  in  view  of  the  fact 
that  base  surges  are  thought  to  have  played  a major  role  in 
emplacement  of  the  1790  deposits  (Swanson  and  Christiansen. 
1973,  p.  85;  Christiansen,  1979;  Decker  and  Christiansen.  1984, 
p.  125).  Spectacular  U-shaped  scour  channels,  local  unconform 
ities,  and  large  bedforms  within  1790  deposits  for  at  least  0.5  km 
outward  from  the  caldera  rim  are  strong  evidence  for  the  action  of 
base  surges. 

Kilauea  caldera  is  large  enough  to  have  contained  an  intra- 
caldera  base  surge  that  could  have  traversed  the  caldera  floor  and 
ascended  the  caldera  wall.  Accumulations  of  1790  ash,  showing 
base-surge  characteristics,  on  large  slump  blocks  on  the  caldera  wall 
below  Volcano  House  indicate  to  R.L.  Christiansen  (written  com- 
mun.,  1984)  that  this  indeed  happened.  Likewise,  the  steep 
(60D-80°)  inclination  of  fine  1790  ash  beds  (fig.  15.9)  on  the  low 
southwest  caldera  wall  is  more  likely  to  be  the  product  of  plastering 
of  fine  moist  debris  against  the  steep  bedrock  face  by  a steaming 
base  surge  than  of  draping  by  airfall  deposition.  These  steep  beds 
have  been  sharply  truncated  by  erosion  at  the  heads  of  nearly  all  the 
major  caldera- wall  gullies  studied  south  of  Crater  Rim  Road.  A 
base  surge  acting  in  an  erosive  mode  could  have  affected  nearly 
universal  truncation  almost  instantly.  Such  a surge  would  have  had  to 
occur  late  in  the  1 790  activity  because  at  least  part  of  the  upper  lithic 
unit  is  truncated  (fig.  I5.7AX  The  erosion  required  to  form  the 
uncomformitv  between  golden  pumice  and  1790  beds  might  have 
been  caused  either  by  a base  surge  or  by  other  more  common  surface 
processes. 

It  seems  unlikely  that  the  sandy  gravel  layers  (figs.  15.5,  I 5.6) 
and  the  cobbly  rubble  (fig.  1 5.9)  lying  between  golden  pumice  and 
the  truncated  1 790  beds  in  both  the  upper  and  lower  reaches  of  the 
caldera-wall  gullies  are  the  result  of  base  surges,  because  this 
reworked  debns  has  been  transported  back  toward  the  caldera  Boor 
rather  than  outward.  Such  debris  layers  were  probably  deposited  by 


FV.l  III  15.12  Angular  unconformity  of  coarse  pumice  on  hoc -grained,  wll 
layered  1790  adt  on  southwest  flank  of  Cone  fVak.  about  80  m N.  16°  E.  from 
benchmark.  U.S  Geological  Survey  photograph  by  J.D.  Griggs. 


Digitized  by  Google 


15.  AN  EARLY  I9TH  CENTURY  RETICUUTE  PUMICE  FROM  KILAUEA  VOLCANO 


403 


— ■ - Wind 


F»c;URE  15.13. — Diagrammatic  sketch  of  lava  fountain,  wind-drifled  plumes,  and 
related  deposits.  Variations  in  (bantam  bright  and  character  can  produce  supenm 
position  or  interlaycring  of  different  types  of  primary  pumice  deposits 


more  slowly  acting  colluvial  and  fluvial  processes.  Relations  in  the 
caldera-wall  gullies  thus  suggest  that  erosional  truncation  of  1790 
beds  could  have  occurred  as  a final  gasp  of  the  1 790  activity,  but  the 
deposition  of  reworked  lithic  layers  may  have  occurred  later  and 
more  slowly. 

Pumice  accumulations  in  the  Kau  Desert  provide  some  insight 
on  these  relations.  Along  the  western  edge  of  the  desert,  a little 
northwest  of  the  Kau  Desert  trail  and  about  I km  outward  from  the 
caldera  nm  (Kilauea  Crater  quadrangleX  a wide  fluvial  arroyo  1 m 
deep  has  been  eroded  in  1 790  deposits  and  older  lava.  Within  this 
channel  is  a dissected  alluvial  fill  of  gravel,  sand,  and  silt  composed 
largely  of  reworked  1790  lithic  material,  capped  by  the  golden 
pumice  (fig.  1 5, 1 4X  The  amount  of  fluvial  work  accomplished  here 
before  pumice  deposition  must  have  required  a significant  part  of  the 
1790-1823  interval.  In  this  same  area,  the  golden  pumice  in  many 
places  rests  directly  upon  lava  bedrock  from  which  the  1790 
deposits  must  have  been  stripped  before  the  pumice  was  laid  down. 

A favored  setting  for  remnants  of  golden  pumice  in  the  Kau 
Desert  is  small  niches  on  the  flanks  of  little  residual  scabs.  30-50 
cm  high,  on  the  eroded  crusted  surface  of  the  1 790  upper  lithic  unit. 
Resistant  overhanging  ledges  on  such  scabs  make  the  pumice 
superficially  appear  to  be  inter  bedded  with  the  lithic  layers,  and 
excavation  is  required  to  reveal  that  it  is  only  inset  (fig.  1 5. 1 5X  A 
secondary  crust  on  the  pumice,  incorporating  lithic  fragments  shed 
from  the  overhanging  ledge,  further  obscures  relations.  Considerable 
modification  of  the  surface  of  the  crusted  and  irregularly  cemented 
1790  lithk  layer  by  differential  weathering,  rainbeat,  aqueous 
sapping,  and  probably  eolian  erosion  had  occurred  to  produce  the 
scabs  and  their  niches  before  the  pumice  was  emplaced.  Such 
modification  could  easily  have  required  two  or  three  decades.  The 
overhanging  ledges  strongly  suggest  that  erosion  occurred  after 
rather  than  before  cementation.  Even  though  most  accumulations  of 
golden  pumice  in  the  Kau  Desert  more  than  a few  hundred  meters 
from  the  caldera  have  probably  formed  by  eolian  reworking,  such 
reworking  likely  occurred  soon  after  pumice  eruption,  because  newly 
formed  pumice  is  very  susceptible  to  eolian  transport  by  the  strong 


and  prevailing  northeast  frade  winds.  Relations  in  the  Kau  Desert 
thus  suggest  pumice  emplacement  late  in  the  1790-1823  interval. 

Another  temporal  question  is  the  time  involved  in  depositing 
the  golden  pumice  and  associated  materials.  The  microstratigraphy 
of  these  units,  as  exposed  in  the  walls  of  the  caldera-wall  gullies, 
strongly  suggests  that  this  was  not  a single  brief  episode.  Successive 
eruptions  of  pumice  were  separated  by  intervals  during  which  erosion 
created  disconformities  within  the  deposits,  and  stripping  of  detritus 
from  the  adjacent  caldera  wall  introduced  layers  of  pumiccous, 
lithic,  or  mixed  pumiceous-lithic  debris.  During  the  period  of  golden 
pumice  eruption,  construction  of  the  detrital  apron  at  the  base  of  that 
wall  by  colluvial,  fluvial,  eolian,  and  airfall  processes  was  con- 
tinuing. 

Under  current  climatic  conditions,  the  Kilauea  summit  is 
occasionally  subjected  to  downpours  of  rain  that  create  freshets  and 
sheet  floods  across  the  surface  of  the  detrital  apron.  In  some  years, 
several  such  events  occur,  in  others  none.  Similar  events  probably 
occurred  within  the  1790-1823  interval  and  would  have  been 
capable  of  creating  the  erosional  disconformities  within  the  pumice 
sequence  and  introducing  the  interlayers  of  reworked  debris.  The 
time  required  to  produce  the  golden  pumice  sequence  may  therefore 
have  been  anywhere  from  part  of  a year  to  several  years. 

Eruptive  activity  within  Kilauea  was  greater  than  normal  from 
about  1820  to  1832  (Hitchcock,  1911,  p.  160-182;  Macdonald 
and  Abbott,  1970,  p.  69-72X  and  it  involved  refilling  of  eruptive 
centers  and  associated  lava  fountaming.  Native  reports  (Dana, 
1891,  p.  45)  suggest  that  eruptive  activity  in  Kilauea  between 
March  and  June  of  1823,  before  Ellis’  visit  of  August  1 that  year, 
was  greater  than  anything  occurring  between  1790  and  1820 


FIGURE  15-14  Streambank  exposure  showing  floodplain  sand  and  ult  (C)  and 
AuvuDy  reworfcrd  1790  gravelly  lithic  drbra  (B)  lying  between  coarse  golden 
pumice  (D)  and  the  1790  upper  lithic  unit  or  lava  bedrock  (Ai  northwest  margin 
Kau  Desert.  I km  southwest  of  Kilanra  caldera 
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Figure  15.  IS. — Inset  of  crusted  golden  pumice  within  mcbe  on  Hank  of  eroswnal 
scab  on  surface  of  upper  hrtJuc  unit  of  1790  deposits.  Kju  Desert.  A.  crusted 
upper  litiuc  layer  (1790);  B.  golden  pumice;  C.  surface  crust  incorporating 
secondary  Wise  fragments. 


(Goodrich,  1826,  p.  27)i  The  interval  1820—1823  appears  ade- 
quate to  accommodate  the  golden  pumice,  and  the  reported  high 
degree  of  activity  in  Kilauea  starting  about  1820  favors  that  period. 

Exactly  when  Halemaumau  came  into  existence  is  not  known. 
The  crater  probably  did  not  exist  as  a specific  topographic  feature 
until  some  time  after  the  1790  outburst,  for  whose  deposits  it 
apparently  was  not  the  source  (Steams,  1966a,  p.  134);  A map 
drawn  by  Byrons  lieutenant,  Malden,  in  1825  (Brigham,  1909,  p. 
45)  shows  a fairly  large  pit  at  the  Halemaumau  site,  and  various 
other  early  observers  (Goodrich,  1826,  p.  24;  Ellis,  1827,  p.  164, 
170;  Dana.  1891,  p.  46-54;  Brigham,  1909,  p.  43-44)  identi- 
fied the  southwestern  part  of  Kilauea  caldera,  near  the  present 
Halemaumau,  as  the  site  of  most  intense  activity.  Although 
Halemaumau  did  not  become  a single  crater  until  about  1905 
(Richter  and  others,  1962,  p.  B53X  we  are  intrigued  with  the 
speculative  thought  that  the  golden  pumice  may  be  a product  of  early 
activity  of  the  volcanic  conduit  destined  to  determine  the  location  of 
this  present-day  fire  pit  of  Kilauea. 
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THE  1972-1974  MAUNA  ULU  ERUPTION,  K1LAUEA  VOLCANO: 
AN  EXAMPLE  OF  QUASI-STEADY-STATE  MAGMA  TRANSFER 

By  Robert  I.  Tilling,  Robert  L.  Christiansen,  Wendell  A.  Duffield,  Elliot  T.  Endo,  Robin  T.  Holcomb, 
Robert  Y.  Koyanagi,  Donald  W.  Peterson,  and  John  D.  Unger 


ABSTRACT 

The  eruption  at  Mauna  Ulu  from  February  3,  1972,  to  July 
22,  1974,  renewed  the  sustained  activity  on  Kilauea's  east  rift 
zone  that  had  previously  ceased  in  October  1971.  During  901 
days  of  virtually  continuous  activity,  about  162  xlO6  m3  of 
basahic  lava  was  erupted.  Vent  activity  was  confined  to  the 
Mauna  Ulu-Alae  area  except  for  two  short-lived  outbreaks  near 
Pauahi  and  Hiiaka  Craters  in  May  and  November  1973.  The 
minimum  average  magma  production  rate  through  April  1973 
was  8x10®  m3/mo,  comparable  to  rates  for  other  periods  of 
sustained  eruptive  activity  at  Kilauea. 

The  1972—74  lava  (1 ) covered  an  area  of  about  46  km2;  (2) 
raised  the  summit  of  the  shield  built  at  Mauna  Ulu  during  the 
1969-71  eruptions  to  a maximum  height  of  121  m above  the 
pre-1969  ground  surface;  (3)  greatly  increased  the  sixe  and 
height  of  the  complex  shield  at  Alae,  which  attained  a maximum 
height  of  nearly  90  m above  the  pre-1969  ground  surface;  (4) 
filled  the  west  pit  of  Makaopuhi  Crater;  and  (5)  entered  the  sea 
in  August-October  1972  and  February— May  1973  after  travel- 
ing more  than  12  km  through  well-developed  lava-tube  systems. 

The  1972-74  eruption  was  dominated  by  active  lava  lakes 
at  Mauna  Ulu  and  Alae,  their  vents  linked  by  an  efficient  tube 
system.  The  lava  lakes  exhibited  a wide  range  of  behavior,  | 
including  (1)  complex  circulation  patterns  of  the  lake  surface  I 
and  low-level  fountain ing  at  drainback  areas;  (2)  cyclic  fluctua- 
tions of  as  much  as  a few  tens  of  meters  in  the  level  of  the  lava 
column,  accompanied  by  violent  degassing  during  column  col- 
lapse (the  so-called  gas-piston  activity);  (3)  complete  or  partial 
draining  of  the  lava  lakes  caused  by  major  changes  in  eruptive 
mode  or  lava-supply  system;  (4)  repeated  short-duration  over- 
flows and  levee  construction  leading  to  shield  growth;  and  (5) 
sustained  overflows  and  the  development  of  lava  tubes  to  feed 
long  flows. 

Records  of  Kilauea  summit  tilt  during  1972-74,  as  meas- 
ured at  Uwekahuna  vault,  show  two  periods  (February  1972  to 
April  1973  and  December  1973  to  July  1974)  of  oscillations 
within  a narrow  range  and  little  or  no  net  change  in  tilt.  Each  of 
these  periods  is  interpreted  to  reflect  a quasi-steady-state 
regime  of  magma  transfer  from  a mantle  source  to  Kilaueas 
summit  reservoir  and  to  the  upper  east  rift  zone.  The  first  period 
apparently  was  terminated  by  subsurface  blockage  in  the  j 
magma-transfer  system,  possibly  caused  by  a 6.2-magnitude 
earthquake  on  April  26,  1973,  which  also  disrupted  a well- 
established  tube  system  and  halted  lava  entry  into  the  sea.  The 
second  period  marked  the  reestablishment  of  a highly  efficient 
magma-transfer  system  following  the  November -December 
1973  eruption  at  Pauahi.  Our  postulated  periods  of  quasi- 
steady-state regime  of  magma  transfer  are  compatible  with  the 
speculation  of  Daniel  Dzurisin  and  others  that  the  sustained 


eruptive  activity  at  Mauna  Ulu  may  be  linked  to  increased  deep 
magma  production,  as  evidenced  by  above-average  occurrence 
of  deep  harmonic  tremor  beneath  Kilauea. 

Ground  deformation  measured  by  periodic  resurveying  of 
level,  ground  tilt,  and  brilateration  networks  in  the  Kilauea 
summit  region  generally  is  compatible  with  patterns  seen  in 
continuous  records  of  Uwekahuna  tilt,  seismicity,  and  observed 
eruptive  activity.  However,  some  deformation  patterns  during 
the  periods  of  quasi-steady-state  magma- transfer  regime  are 
diffuse  and  not  amenable  to  simple  analysis.  The  most  coherent 
patterns  obtained  are  related  to  the  Pauahi-Hiiaka  (May)  and 
Pauahi  (November)  eruptions  during  the  net  inflation  period  of 
1973;  each  of  these  was  associated  with  a deflation  at 
Uwekahuna  of  about  20  micro  radians.  Perhaps  a threshold 
volume  or  rate  of  change  in  summit  magma  storage  must  be 
exceeded  before  coherent  ground-deformation  patterns  can  be 
derived  from  geodetic  surveys;  the  volcano  may  possess  a 
characteristic  yield  strength,  such  that  a finite  amount  of  inelas- 
tic deformation  must  be  accommodated  before  geodetic 
response  can  reflect  elastic  behavior. 


INTRODUCTION 

The  1969-71  Mauna  Uhi  eruption  (figs.  16.1  and  I6.2X 
which  lasted  about  2 Vi  years  and  produced  185  X 1 06  m3  of  lava, 
was  one  of  the  most  voluminous  and  long-lived  historical  rift 
eruptions  of  Kilauea  Volcano.  Hawaii  (Swanson  and  others,  1971, 
1979)  The  waning  stage  of  that  eruption  was  characterized  by 
monotonic  subsidence  of  the  surface  of  a lava  lake  in  Mauna  Uhl 
crater,  accompanied  by  sharp  summit  inflation,  and  was  punctuated 
by  a brief  eruption  within  the  summit  caldera  during  August  1971 
and  another,  in  the  caldera  and  southwest  rift  zone,  during  Sep- 
tember 1971  (Duffield  and  others,  1982)  The  end  of  the  1969—71 
Mauna  Ulu  eruption  was  October  15,  1971,  the  date  when  lava 
was  last  seen  in  the  vent  (Swanson  and  others,  1979)  No  eruptions 
occurred  at  Kilauea  for  the  next  Vh  months,  a period  of  steady 
summit  inflation. 

In  early  February  1972,  lava  quietly  reentered  the  crater  of 
Mauna  Ulu,  initiating  a period  of  sustained  eruption  that  ultimately 
lasted  until  mid-July  1974.  The  1972-74  activity  was  confined  to 
the  Mauna  Ulu-Alae  area  except  for  an  outburst  from  vents  within 
and  near  Pauahi  and  Hiiaka  Craters  on  May  5,  1973,  and  a month- 
long eruption  at  Pauahi  in  November- December  1973  (fig.  16.2) 
For  convenience  of  discussion,  the  eruptions  of  Mauna  Ulu  (which 
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FIGURE  16. 1 . — Map  cf  Kilaoea  Volcano  showing  summit  caldera,  rift  zone*,  and  principal  fault  systems  ; locations  of  tlse  Hawaiian  Volcano  Observatory  (H  VO)  and 
Uwrfcahuna  vault  (UWE)  are  also  shown.  Inset  shows  volcanoes  making  up  Island  of  Hawaii:  KO,  fCohala;  MK.  Mauna  Kea;  H.  Hualalai.  ML.  Mauna  Loa.  and  K. 
Kilaura.  Mauna  Ukt  eruption  site  (1969- 1974)  is  on  upper  east  rift  zone,  and  Puu  Oo  eruption  site  (198 3 -present)  is  on  middle  east  rift  zone;  these  sites  are  indicated 
by  solid  triangles.  Mauna  Hu  ( 1919-20),  HeiheiaJiulu  (1750)),  and  Kane  Nui  □ Homo  (prehistoric)  are  volcanic  shields  developed  on  nrft  zones  before  1969.  Modified 
from  Dzunsm  and  others  (1984,  6g.  2) 


means  “growing  mountain"  in  Hawaiian X Pauahi,  and  Hiiaka 
during  1972-74  are  considered  collectively  as  the  1972-74  Mauna 
Ulu  eruption  because  of  their  close  association  in  space  and  time  and 
the  persistence  of  harmonic  tremor  thoroughout  almost  the  entire 
period.  The  end  of  eruptive  activity  at  Mauna  Ulu  is  taken  to  be 
July  22.  1974,  following  a three-day  summit  eruption  (Peterson  and 
others.  I976X  after  which  no  molten  lava  could  be  observed  at 
Mauna  Ulu  and  harmonic  tremor  ceased. 

Following  the  1972-74  Mauna  Ulu  eruption,  activity  at 
Ktlauea  shifted  to  the  summit  region,  where  short-lived  outbursts 
during  July  and  September  were  followed  by  a brief  eruption  and 
intrusion  m the  southwest  rift  zone  in  December  1974  (Peterson  and 


others,  1976;  Dzurisin  and  others,  1984,  table  IJ  Following 
various  other  short-lived  eruptions  and  intrusions  at  several  sites  on 
the  volcano  during  1975-82  (Tilling  and  others.  1976b;  Moore 
and  others,  I960;  Dzurisin  and  others,  I984X  the  beginning  of  the 
Piiu  Oo  eruption  in  the  middle  east  rift  zone  in  1983  (Wolfe  and 
others,  chapter  17)  marked  the  return  to  Kilauea  of  a long-lived, 
j voluminous  flank  eruption,  like  the  Mauna  Ulu  eruptions  during 

1969-74. 

The  1972-74  activity  was  particularly  notable  for  active  lava 
lakes  that  occupied  the  summit  craters  of  Mauna  Ulu  and  Alar 
shields  for  long  periods  of  time.  We  consider  a lava  lake  active  if  it  is 
linked,  directly  or  indirectly,  to  a feeding  magma  column,  in  contrast 
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FlCURE  16.2.  — Strlrrh  imp  chewing  lava  belli,  produced  by  lb a 1969-1971  Mauna  Ulu  miplion  (diadcd)  and  the  1972-74  Mauna  Ulu  cnipnou  (outlined  by  mild  luie): 
pall  means  cliff  in  Hawaiian.  Modified  from  Swanson  and  others  (1979,  fig.  4)  and  Holcutnb  (I976X 
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TaBLF.  16. 1 . — Some  published  topical  studies  on  aspects  of  the  1972-1974  Mama 
Ulu  eruption  and  general  utor^i  on  Kdasea  that  include  data  relevant  to  processes, 
products,  or  effects  of  the  eruptions 
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Referent* 
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guidebooks. 


Geologic  maps 
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Dzurmn  (1978) 

Peterson  (1976; 


Grigg  (1973) 

TefScy  (1975) 

Moore  (1975) 

Tilling  (1976a) 

Tilling  and  others  (1975) 
Klein  (1982) 


Ryan  and  others  (1983) 

Epp  and  others  (1983) 

Dvorak  and  other*  (1983) 
Koyanagi  and  others  (1973) 
Klein  (1982  ) 

Dzurisin  and  others  (1984) 
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Unger  and  others  (1973) 
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Casadcvall  and  Hazktt  (1983) 
Cadle  and  others  (1973) 
Naughton  and  others  (1973) 
Sicks  (1975) 

Dzunsin  (1980) 


to  an  inactive  lava  lake  formed  by  passive  ponding  of  magma  within 
preexisting  pit  craters  (see  Swanson  and  others,  1979,  p.  I OX  Hie 
long  duration  and  easy  accessibility  of  the  1972-74  Mauna  Ulu 
eruption  permitted  frequent  and  numerous  direct  observations  of  the 
activities  of  these  lava  lakes,  as  well  as  of  the  development  and 
evolution  of  volcanic  shields,  lava  levees,  flow  channels,  and  lava 
tubes. 

Many  features  of  the  1972-74  Mauna  Ulu  eruption  were 
virtually  identical  to  those  well  described  and  illustrated  by  Swanson 
and  others  (1979)  for  the  lava -lake-dominated  activity  of  episodes  3 
and  4 (called  stages  by  them)  of  the  1969-71  Mauna  Ulu  eruption, 
and  we  refer  where  appropriate  to  those  excellent  descriptions  rather 
than  unnecessarily  describing  processes  anew. 

Many  topical  studies  were  undertaken  during  the  course  of  the 
1972-74  Mauna  Ulu  eruption,  and  several  recent  syntheses  of 
Kilaueas  magmatic  behavior  included  data  obtained  in  the 
1972-74  period.  A listing  of  some  of  these  studies  is  given  in  table 
16. 1 to  complement  similar  summaries  for  the  1969-71  Mauna  Ulu 


eruption  (Swanson  and  others,  1979,  tables  I and  2X  The  main 
purposes  of  this  paper  are  to  describe  the  eruptive  phenomena  in 
1972-74,  provide  a general  framework  for  topical  studies  already 
completed,  and  identify  directions  for  possible  further  topical 
research. 
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Table  16.2. — Summary  of  east-nft  crupboe  acthity  of  Kihuea  Volcano,  ffauun. 
from  February  1972  to  July  1974  t modified  from  Peterson  and  others.  1976 ) 


rune  period 

Duration 

iday*> 

Local >oa  of  vetui 
wt  ft*  16  J) 

Eumtrd 

lava 

volume1 
<10*  m« 

Area 

covered 

February  3,  1972  io 

457 

Mauna  Ulu  and  Alae 

125 

2 35 

May  4,  1973 

.May  5,  1973 

I 

Pauahi  and  Hiiaka  and 
nearby  fissures 

1 

.6 

Mav  6,  1973  lo 

m 

Mauna  Ulu  and  Alae 

2.5 

9 

November  9.  1973 

November  10,  1973  in 
I>ctcmbcr  9,  1973 

30 

Pauahi  and  nearby 
fissures 

3 

1.1 

December  10.  1973  io 

225 

Mauna  Ulu 

30 

8 

July  22.  1974 

Total 

901 

161.3 

45  6 

'Include*  onlv  volume  reauinm*  on  wrl*ct  and  mladr*  volume  than  drained  hack  mio 
fmurt*  before  eruption  ended 

^Include*  0 47  km  at  new  land  added  lo  couth  c«a*l  of  Hawaii  from  lava  cotrv  mio  cca 
PtlCTcoa.  1976!. 


Digitized  by  Google 


16.  THE  1972-1974  MAUNA  UUJ  ERUPTION.  K1LAUEA  VOLCANO 


409 


Figure  16.3. — Skrich  m*p  showing  locaiKm  of  wit*  Active  during  1972-1974  eruption.  The  locus  of  1972-74  Mauna  Uhi  vents  (A.B.C.D.Ei.Ej.  F)  ettcntnJly 
rotncidt*  with  that  of  the  wit*  Active  during  July  1970-June  197 1 (*ee  Swanson  and  others,  1979.  pi.  4). 


OVERVIEW  OF  THE  1972-74  ERUPTION 

Peterson  and  others  (1976)  summarized  the  general  features  of 
the  1972-74  eruptive  activity  of  Kilauea  Volcano;  the  overview 
given  here  draws  on  and  adds  to  that  earlier  summary.  The  major 
events,  locations  of  vents,  and  variation  in  summit  tilt,  as  measured 
at  Uwekahuna,  throughout  the  1972-74  Mauna  Ulu  eruption  are 
summarized  in  table  16.2  and  figures  16.3  and  16.4. 

The  eruption  began  in  early  February  1972  and  was  domi- 
nated through  early  June  1973  by  active  lava  lakes  and  associated 
phenomena,  such  as  overflows,  lava-tube  formation,  and  volcanic 
shield  growth,  at  both  Mauna  Ulu  and  Alae  (fig.  1 6. 2 X The  lava 
lakes  were  clearly  connected  beneath  the  surface,  but  lava  pas- 
sageways between  Mauna  Ulu,  Alae,  and  the  summit  reservoir  are 
not  well  known.  Through  May  4,  1973,  periodic  voluminous 
overflows  of  lava  from  Mauna  Ulu  and  Alae  totaled  I25x  106  m*. 
An  unknown  additional  volume  drained  back  into  vents  and 
intruded  into  the  east  rift  zone.  This  volume  of  surface  eruptive 
products,  not  adjusted  for  lava  vesicularity  or  ground  deformation, 
yields  a minimum  average  magma  supply  rate  of  approximately 
8x  I06  mVmo,  comparable  to  the  rates  for  the  1969-71  Mauna 
Ulu  eruption  (Swanson  and  others,  1979)  and  the  1971  summit 
eruptions  (Duffield  and  others,  1982X 

Many  short-lived  overflows  from  Alae,  traveling  only  short 
distances,  built  a new  shield,  approximately  100  m high,  abutting 


the  eastern  flank  of  the  Mauna  Ulu  shield  (Tilling  and  others,  1973, 
fig.  2).  In  contrast,  long-Hved  overflows,  instead  of  adding  to  the 
shield,  evolved  into  lava  tubes  that  were  able  to  transport  the  lava  for 
great  distances  from  the  vent.  Some  tube-fed  lava  from  the  Alae 
vent  cascaded  into  Makaopuhi  Crater  and  entered  the  sea  during 
August -October  1972  and  February -April  1973  (fig.  16.2; 
Tilling  and  others,  1973;  Peterson,  1 976X 

The  6.2-magnitude  Hoaomu  earthquake  on  April  26,  1973 
(Unger  and  others.  1973;  Unger  and  Ward,  I979X  although 
centered  more  than  60  km  away  (fig.  16.1,  inset X apparently 
disrupted  the  well-integrated  lava-tube  system  from  Alae  to  the 
coast,  and  all  flow  into  the  sea  stopped  by  about  May  I.  I his 
earthquake  probably  also  altered  the  magma  conduit  system  from 
the  summit  to  Mauna  Ulu,  as  well  as  the  lava-tube  link  between 
Mauna  Ulu  and  Alae.  Early  on  the  morning  of  May  5,  strong 
harmonic  tremor  and  summit  deflation  accompanied  the  complete 
drainage  of  the  lava  lakes  at  Mauna  Ulu  and  Alae.  About  3'/2 
hours  later,  lava  fount  a tried  from  a fissure  in  Pauahi  Crater,  2 km 
upnft  from  Mauna  Ulu  (fig.  16.2X  in  the  first  historical  eruption 
there.  The  Pauahi  eruption  began  to  wane  after  about  2 hours,  and 
early  in  the  afternoon  new  vent  fissures  opened  within  and  near 
Hiiaka  Crater.  Near  the  closing  stages  of  this  activity,  lava  erupted 
briefly  from  a fissure  in  the  eastern  part  of  the  Koae  fault  zone  about 
I km  west  of  Hiiaka,  in  the  first  historical  outbreak  in  that  area 
(Koyanagi  and  others,  1973;  Duffield,  1975,  p.  II-I2X 

By  May  7,  1973,  lava  had  quietly  returned  to  the  Mauna  Ulu 
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Figure  16.4.  — Variation  m Uwtkafuina  lilt  for  tho  period  January  1 972 -July  1974,  and  its  correlation  wiih  ugniitcAnt  eruptive  events  (*ee  tot).  Till  data  adjusted  for  the 
18-miorotadian  olfsrt  (east-west  component)  canted  by  ibe  April  1973  Hooorou  earthquake  (fi*.  16. 1 Intel);  zero  point  on  tilt  teak  u arbitrary  and  referenced  to  January 
I,  1972.  The  tame  data  are  ako  shown  in  figure  16.37  al  reduced  scale  and  not  adjusted  for  earthquake  offset. 


crater.  Moderate  lava- lake  activity  had  resumed  at  Mauna  (Jlu  by 
early  June,  and  a small  lava  lake  reappeared  al  Alae.  In  the  early 
hours  of  June  9,  preceded  and  accompanied  by  harmonic  tremor  and 
abrupt  summit  deflation,  drainage  of  lava  partly  emptied  Mauna 
Ulu;  Alae  drained  completely  and  stayed  inactive  for  the  remainder 
of  the  eruption.  Almost  immediately  following  its  partial  draining, 
Mauna  Ulu  lava  lake  began  to  rise  again  and  to  circulate  sluggishly. 
Subsequent  activity  was  summarized  by  Ffeterson  and  others  (1976, 
p.  652):  “Although  the  lava  lake  rose  gradually  with  time,  the 
surface  area  of  the  actively  circulating  lake  steadily  diminished.  By 
mid -July  the  lava  lake  became  practically  stagnant,  and  the  occa- 
sional small  overflows  of  lava  traveled  only  short  distances  on  the 
crater  floor.  In  late  September,  after  nearly  two  months  of  virtual 
quiet,  activity  increased  and  voluminous  flows  flooded  the  crater 
floor." 

Activity  increased  throughout  October  and  early  November, 
and  Mauna  Ulu  lava  lake  rose  to  the  crater  rim,  feeding  voluminous 
overflows  during  November  4-8.  On  November  10,  harmonic 
tremor  and  summit  deflation  again  accompanied  the  abrupt  drainage 
of  the  lake,  which  subsequently  remained  inactive  for  more  than  a 
month.  A few  hours  after  this  sudden  draining  of  lava  from  Mauna 
Ulu.  an  eruption  began  at  Pauahi  Crater  (hg.  16.2)  and  continued 
vigorously  for  several  hours,  forming  lava  ponds  in  both  the  east  and 
west  pits  fed  by  vents  within  the  crater  as  well  as  by  lava  cascades 
from  fissures  outside  Pauahi.  Weak  activity  persisted  in  the  west  pit 


of  FWiahi  for  about  a month.  Ihen,  from  December  9 to  12,  1973, 
no  visible  activity  occurred  anywhere  on  Kilauea. 

On  December  12,  the  seismic  station  located  closest  to  the 
Pauahi- Mauna  Ulu  area  began  to  record  bursts  of  barely  detectable 
harmonic  tremor.  By  the  next  day,  tremor  had  increased  and  become 
sustained,  and  lava  quietly  reentered  Mauna  Ulu.  For  the  next  one 
and  one-half  months,  weak  to  moderate  activity  produced  several 
short-lived  flows  that  flooded  the  crusted  surface  of  the  rising  lava 
lake. 

Mauna  Ulu  eruptive  activity  in  1974  was  unlike  that  during 
1972-73.  Beginning  m late  January,  short  vigorous  eruptive  epi- 
sodes, lasting  typically  less  than  two  days,  produced  moderately 
high  lava  fountains  (40-80  m)  that  fed  short-lived  overflows.  These 
brief  eruptive  periods  were  separated  by  3 -day  to  5-week  intervals 
of  only  feeble  activity.  The  pattern  of  alternating  vigorous  and  weak 
activity  mimicked,  albeit  on  a smaller  scale,  the  episodes  of  high 
fountain ing  interspersed  with  longer  periods  of  low  activity  that 
characterized  the  first  stage  of  the  1969-71  Mauna  Uhi  eruption 
(Swanson  and  others,  1979). 

Some  overflows  during  a the  period  January-June  1974 
advanced  as  far  as  9 km  from  the  vent,  but  most  traveled  shorter 
distances.  Consequently,  the  Mauna  Ulu  volcanic  shield  grew 
substantially  in  1974,  particularly  during  March-June,  reaching  a 
maximum  height  of  121  m above  its  pre-1%9  base  (FVterson  and 
others,  I976X  After  June  2,  the  circulation  of  the  lava  lake  became 
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increasingly  sluggish,  and  the  crusted  and  rubbly  lake  surface 
gradually  subsided  and  became  largely  obscured  by  fumes.  The 
summit  region  of  Kilauea  remained  highly  inflated  during  this  period. 
The  waning  activity  at  Mauna  Ulu  apparently  was  unaffected  by 
the  July  19-22  summit  eruption  (Peterson  and  others,  1976)  but 
the  small,  subsiding  lava  pool  in  Mauna  Ulu  disappeared  below  the 
rubble-covered  crater  bottom  soon  after.  Harmonic  tremor  in  the 
Mauna  Ulu  area  also  ceased  after  July  22,  the  arbitrary  date  taken 
for  the  end  of  the  1972-74  Mauna  Ulu  eruption. 

The  1972-74  Mauna  Ulu  eruption  produced  a total  volume 
of  162  X I06  m3  of  lava,  97  percent  of  which  came  from  vents  at 
Mauna  Ulu  and  Alae,  and  3 percent  from  vents  in  the  Pauahi* 
Hiiaka  area  (table  16.2).  During  the  period  January-June  1974, 
the  average  magma  eruption  rate  was  about  4 X I06  mVmo,  one-half 
that  for  the  1972-73  Mauna  Ulu  activity.  This  reduction  in 
average  magma  eruption  rate  perhaps  augured  the  eventual  cessation 
of  the  eruption. 


CHRONOLOGICAL  NARRATIVE 

FEBRUARY  3-DECEMBER  31, 1972 

REBIRTH  OF  MAUNA  ULU  LAVA  LAKE 

The  start  of  the  1972-74  eruption  was  preceded  by  several 
months  of  net  summit  inflation  and  of  increased  seismicity  from 
shallow  sources  at  the  summit  and  upper  east  rift.  About  one  dozen 
earthquakes  of  magnitude  2.5  were  felt  by  local  residents  between 
0037  and  0200  (all  times  given  are  Hawaii  standard  lime,  H.s.t.) 
on  January  21;  these  earthquakes,  accompanied  by  shallow  har- 
monic tremor,  were  centered  in  the  caldera  and  Keanakakoi  areas. 

On  the  morning  of  February  5,  1972,  a ground  party 
discovered  that  lava  had  filled  about  half  of  the  summit  crater  of 
Mauna  Ulu.  The  reactivation  of  the  lava  lake  may  have  occurred  as 
early  as  February  2.  This  possible  starting  date  is  based  on  a 
telephone  call  from  a passing  motorist,  who  reported  seeing  “lava 
fountains  on  Hilina  Pali"  around  2 1 30  while  driving  northeast  from 
Pahala.  Hilina  Pali  lies  almost  directly  in  line  between  Pahala  and 
Mauna  Ulu;  thus,  lava  fountains  or  glow  from  Mauna  Ulu  might 
appear  to  issue  from  the  pali  (fig.  16.2)  Though  fog  prevented  its 
independent  confirmation,  there  is  little  reason  to  doubt  the  Febru- 
ary 2 eruption  sighting  of  the  motonst,  a longtime  resident  who  had 
witnessed  many  eruptions.  The  “bright  and  solid"  glow  witnessed 
by  him  could  well  have  represented  an  early  stage  in  refilling  Mauna 
Ulu  crater.  However,  seismograms  for  February  2 and  3 showed  no 
unusual  seismic  activity  or  detectable  harmonic  tremor,  which  typ- 
ically accompanies  Kilauea  eruptions. 

Hie  number  of  small  east-rift  earthquakes  increased  gradually 
about  0320  on  February  4.  and  tremor  began  between  0500  and 
0600.  A strong  storm  struck  the  Island  of  Hawaii  during  this  time, 
however,  and  the  tremor  recorded  by  several  seismographs  was 
thought  at  the  time  to  be  caused  by  high  winds.  The  instrument  at 
Puu  Huluhulu  (fig.  16.2)  appeared  to  have  been  affected  the  most 
by  the  storm,  even  though  some  other  instruments  were  equally 


FltiURE  16.5. — Sketch  map  •howiog  configuration  of  die  summit  are*  at  Maui* 
Ulu  shield  and  of  Alae  when  the  1972-1974  eruptioa  began  in  early  February 
1972.  Summit  craler.  notch,  trench,  and  lava-lube  system  linking  Mauna  Ulu  and 
Alae  had  been  developed  by  early  1971  during  the  1969-71  Mauna  Ulu 
eruption.  Easternmost  lava  tube  reopened  on  February  7.  1972.  and  led  lava  onto 
the  floor  of  Alae  subsidence  bowl,  which  tilled  to  the  bran  by  February  1 2. 


exposed  to  the  wind.  In  retrospect,  the  recorded  tremor  on  February 
4 was  probably  only  partly  due  to  the  storm;  when  the  storm 
slackened  on  February  5,  tremor  continued. 

Available  evidence  thus  indicates  that  lava  was  almost  certainly 
flowing  into  Mauna  Ulu  crater  on  the  morning  of  February  4 and 
possibly  as  early  as  the  night  of  February  2.  We  arbitrarily  use 
February  3 as  the  starting  date  of  the  1972-74  Mauna  Ulu 
eruption.  This  date  is  consistent  with  a starting  time  of  the  eruption 
of  about  1900  on  February  3,  calculated  by  simple  backward 
projection  of  the  lavas  rate  of  rise  during  February  5-6  (about  1 .6 
m/h) 

REOPENING  OF  THE  MAUNA  ULU  ALAE  CONNECTION 

When  discovered  on  the  morning  of  February  5,  the  new  lava 
lake  had  already  filled  about  half  of  Mauna  Ulu  Crater  and  was 
slowly  rising.  No  fountaming  or  surface  circulation  was  observed.  In 
the  afternoon,  the  surface  of  the  lava  lake  was  78  m below  the  crater 
rim,  about  the  same  elevation  as  the  lava  pool  in  a 30  m -diameter 
hole  immediately  east  of  the  notch  at  the  east  end  of  the  crater  (fig. 
16.5)  All  activity  was  confined  to  the  western  part  of  Mauna  Ulu 
summit. 

During  the  next  two  days,  harmonic  tremor  increased,  lava 
gradually  rose,  and  fountaming  as  high  as  10  m became  localized  at 
a point  in  the  east-central  part  of  the  crater  (fig.  1 6.5,  vent  A)  Vent 
A is  located  in  the  same  part  of  the  lava  lake  as  one  of  the  vents 
active  during  stages  3 and  4 of  the  1969-71  Mauna  Ulu  eruption 
(Swanson  and  others,  1979.  plate  4)  By  1030  on  February  7,  lava 
had  risen  to  about  25  m below  the  rim  of  the  crater  and  began  to 
cascade  over  the  notch  into  the  pool,  It  flowed  eastward  down  the 
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trench,  reaching  the  eastern  end  at  1200.  The  lave-tube  system  that 
linked  Mauna  Ulu  and  Alae  during  the  1969-71  eruption  was  still 
in  existence,  as  later  confirmed  by  thermal  infra-red  scanning 
imagery  obtained  during  a pre-dawn  flight  in  February  1973;  lava 
apparently  reentered  this  tube  system  and  emerged  at  1225  at  the 
northwestern  edge  of  the  Alae  subsidence  bowl  (fig.  16.5;  see  also 
Swanson  and  Peterson,  1972,  fig.  I B\  Activity  in  the  lava  lake 
continued  steadily,  and  lava  flowing  in  the  trench  developed  a well- 
defined  channel  that  fed  directly  mto  the  Alae  inlet  tubc(sX 

LAVALAKE  ACTIVITY  AT  MAUNA  ULU  AND  AIJVE  AND 
PERIODIC  OVERFLOWS 

Activity  on  February  8 was  similar  to  that  the  day  before, 
except  that  rising  lava  now  covered  the  notch  between  the  summit 
crater  and  trench.  Lava  was  overflowing  a channel  obstruction  (the 
dam  in  fig.  16. 5)  that  had  developed  about  165  m west  of  the  end  of 
the  trench.  Low  fountainmg  continued  at  vent  A,  but  a new  fountain 
appeared  near  the  south  wall  of  the  trench  1 30  m west  of  the  dam 
(fig.  16. 5,  vent  BX  Vent  B was  to  become  the  dominant  vent  for  the 
remainder  of  the  1972-74  eruption. 

For  the  next  several  days,  activity  remained  much  the  same, 
with  both  vents  A and  B spurting  lava  fountains  10-20  m high,  and 
a prominent  spatter  cone  formed  at  vent  B.  Except  for  local 
variations  around  these  two  active  vents,  lava  movement  was  gener- 
ally eastward  through  the  trench  to  the  inlet  for  the  tubes  to  Alae. 
By  February  12,  the  Alae  subsidence  bowl  had  filled  with  a lava 
lake  that  remained  intermittently  active  until  early  June  1973.  Lava 
spilled  over  some  low  areas  along  the  rim  of  the  Alae  lake  but 
advanced  only  a few  meters  before  levees  developed. 

During  February  13-14,  the  vigor  of  vent  A began  to 
decline,  while  vent  B produced  a sustained  overflow  that  advanced 
east-southeast  about  I . I km  from  Alae  s rim  toward  Makaopuhi 
Crater  (fig.  I6.6AX  Activity  at  vent  A ceased  on  February  16,  and 
the  lava  level  at  Mauna  Uhi  began  to  drop;  although  the  fountaining 
at  vent  B temporarily  increased,  lava  entry  into  Alae  also  ceased 
shortly  thereafter.  The  surface  of  Alae  lava  lake  crusted  over  and 
subsided  I -2  m,  and  all  lava  overflows  stopped.  For  the  noil  several 
days,  the  lava  level  in  the  summit  crater  continued  to  decline  while 
weak  fountaining  persisted  at  vent  B.  By  the  morning  of  February 
22,  all  surface  activity  terminated,  but  lava  was  still  visible  through 
three  glowing  holes  at  the  site  of  vent  B. 


FIGURE  16.6.  — Lava  How*  developed  during  1972  in  the  Mauna  Ulu  region. 
Outlines  of  Sows  are  approximate  in  this  and  subsequent  similar  figures  tracing  the 
development  of  lava  Hows  during  1972- 1974  Mauna  Ulu  eruption.  Outline  of  the 
entire  held,  as  well  as  the  outlines  of  portions  of  lava  flows  not  covered  by  younger 
flows,  taken  from  geologic  map  of  Holcomb  (19761  See  figure  16. 3 for  locations 
of  vents.  A.  February- March  Lava  erupted  dunng  March  14-24  indurated  by 
haclwnng.  B,  April  May  C.  June  October  For  details  about  lava  della  at 
Kama  Fount,  see  Peterson  (19761  D.  November -Dec ember.  Except  for  Lie 
December  flow  and  tube-fed  inflow  into  western  pit  of  Makaopuhi  Crater,  most 
flows  were  short  lived  and  accreted  near  sent,  resulting  in  shield  growth. 


Lava  reentered  Mauna  Ulu  on  February  24,  and,  fed  by 
fountains  5-20  m high  at  vents  A and  B,  the  lake  rose  rapidly 
several  tens  of  meters  to  spill  over  both  the  south  and  north  runs  of 
the  trench.  Fountains  40-75  m high  at  vent  B were  the  highest 
observed  since  the  eruption  began.  A major  east  - northeast  - trending 
overflow  advanced  north  of  Kane  Nui  o Hamo  as  aa  and  spilled  into 
Napau  Crater  on  February  29  (figs.  I6.6A  and  16.7k  For  the  nat 
several  days,  numerous  overflows  raised  the  rim  of  the  eastern  part  of 
the  trench.  Meanwhile,  the  spatter  cone  at  vent  B became  the 
highest  point  on  Mauna  Ulu,  more  than  10  m higher  than  the  rim  of 
the  summit  crater  (hereinafter  the  summit  crater  will  be  referred  to 
simply  as  the  crater).  The  episode  of  vigorous  activity  and  overflows 
ended  on  March  5,  when  the  lake  surface  subsided  to  more  than  30 
m below  the  rim  of  the  crater  (fig.  16.8).  During  the  next  several 
days,  the  lake  surface  continued  to  drop,  and  activity  at  vent  B was 
reduced  to  sporadic  low  spurts. 

Activity  at  vents  A and  B increased  beginning  on  March  1 1 , 
and  March  14  another  overflow  episode  began.  Periodic  over- 
flows, some  lasting  for  several  hours,  alternated  with  drainbacks  of 
5-10  m accompanied  by  vigorous  degassing.  This  cyclic  activity 
resembled  the  so-called  gas-piston  described  by  Swanson  and  others 
(1979)  but  was  larger  m scale,  involving  the  entire  lake  instead  of  a 
chimney-like  vent.  Virtually  all  parts  of  Mauna  Ulu,  accept  its 
extreme  western  end,  were  flooded  by  the  overflows  (fig.  16.9). 

At  1800  on  March  18,  a new  fissure  vent,  200  m long,  opened 
on  the  west  flank  of  Mauna  Ulu  over  the  southeastern  edge  of  the 
buried  Aloi  Crater  (fig.  I6.3>  This  fissure  nearly  coincided  with 
that  formed  in  April  1970  (Swanson  and  others.  1979,  pis.  I.  3X 
The  lava  level  in  both  the  crater  and  trench  rapidly  dropped  several 
tens  of  meters.  Activity  at  the  new  fissure  was  short  lived;  after 
feeding  a small  flow  (fig.  I6.6AX  the  fountains  stopped  dunng  the 
morning  of  March  19.  However,  accompanied  by  high-amplitude 
harmonic  tremor  and  summit  deflation,  eruptive  activity  then  shifted 
to  the  Alae  area,  where  two  new  vents  opened  (fig.  16. 1 1 , vents  C 
and  DX  each  feeding  fountains  about  20  m high.  The  subsidence 
bowl  at  Alae  again  quickly  filled;  a perched  lava  lake  soon 
developed  by  repeated  overflows  and  levee  construction,  initiating  the 
growth  of  a volcanic  shield  at  Alae.  Dunng  March  19-20,  vents  C 
and  D fed  two  lava  streams  that  advanced  2 km  or  more  east  and 
southeast;  one  of  these  streams  poured  into  the  deep  western  pit  of 
Makaopuhi  Crater  (flg.  16.6AX  Activity  at  the  two  vents  then 
began  to  wane  and  ceased  by  March  24. 


DOMINANT  ACTIVITY  SHIFTS  TO  ALAE. 

VOLCANIC  SHIELD  GROWTH 

The  opening  of  the  vents  dunng  March  18-20  (the  west-flank 
fissure  at  Mauna  Ulu  and  vents  C and  D at  Alae)  ended  the  period 
of  overflows  fnxn  Mauna  Ulu  in  1972  (fig.  16. 10):  the  noit  overflow 
was  not  to  occur  until  early  November  1973.  For  the  remainder  of 
1972  and  until  mid- 1 973,  generally  weak  activity  continued  inter- 
mittently at  vent  A within  the  crater,  but  vents  C and  D and  various 
openings  at  or  near  vent  B dominated  the  eruptive  activity  at  Mauna 
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FIGURE  16.7. — View  of  10-ra-wtde  pahoeboe  flow  advancing  through  forest  east  of  Puu  Huluhulu  oa  February  28,  1972,  during  overflow  from  Mauna  Uhl  (hg  16  6.4) 
Note  burned  vegetation  adjacent  to  flow.  Photograph  taken  by  R.l.  Tilling 


Ulu  and  Alae.  In  effect,  the  lava  lake  in  Mauna  Ulus  crater  became 
mainly  a passive  holding  tank,  fluctuating  in  level  but  distinctly 
subordinate  tn  activity  to  vents  C and  D.  which  are  rootless  and 
probably  supplied  from  vent  B through  the  Alae  inlet  tube. 
Whether  vent  B itself  was  a primary  vent  or  tapped  another, 
primary  vent  beneath  Mauna  Ulu  is  not  known.  However,  we 
regard  vent  B as  primary,  at  least  for  the  period  February 
1972-Apnl  1973  (see  Tilling  and  others,  1973,  fig.  2)i  All  visible 
activity  at  Mauna  Ulu  from  May  1973  on  involved  vents  located 
west  of  vent  B,  and  the  pnmary  vent  may  therefore  have  shifted 
westward  at  about  that  time. 

The  last  week  in  March  1972  was  marked  by  a lull  in 
harmonic  tremor  and  summit  inflation;  visible  vent  activity  was 
restricted  to  weak  spattering  at  vent  A.  On  April  3,  tremor 
increased  and  the  lake  in  the  crater  rose.  A new  (unnamed)  vent 
between  vent  B and  the  west  end  of  the  trench  (fig.  16.3,  near  vent 
F)  opened  and  fed  a cascade  of  lava  westward  over  the  septum 
separating  the  trench  and  crater  (fig.  16.11)  and  into  the  lava  lake. 
Vent  C was  reactivated  and  began  again  to  fill  Alae  lava  lake. 


Overflows  from  vent  D built  a 20-m-high  satellite  shield  on  the 
northern  flank  of  the  growing  Alae  shield. 

For  the  next  several  months,  the  eruptive  activity  changed  little. 
At  Mauna  Ulu,  low  fountains  spouted  locally  from  the  circulating 
lava  lake,  whose  level  fluctuated  from  20  to  30  m (generally  22— 26 
m)  below  the  rim.  The  circulation  pattern  generally  involved  a net 
east-to-west  movement;  however,  during  brief  episodes  lasting  a few 
minutes  to  half  an  hour,  circulation  reversals  occurred,  accompanied 
by  turbulent  disruption  of  the  lake  surface  and  fountaining  as  high  as 
25  m.  presumably  from  vent  A.  A number  of  small  vents  and  open, 
glowing  holes  in  the  trench,  between  the  septum  and  the  vent  B 
spatter  cone,  intermittently  ejected  spatter  or  spawned  short  lava 
flows  that  covered  the  trench  bottom.  Gas- piston  activity  and 
attendant  degassing  were  commonly  observed  at  these  vents.  'Hie 
lava  level  was  generally  about  the  same  in  both  the  crater  and  the 
trench,  suggesting  the  existence  of  hydraulic  connection  through  the 
septum. 

The  dominant  vent  during  this  period,  however,  was  C,  which 
quietly  pumped  out  a virtually  uninterrupted  stream  of  lava  into  the 
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FIGURE  16.8.  — Lav*  from  the  trench  fed  by  rail  B falling  approximately  20  m mrr  the  septum  (fig.  16. 1 1 ) aito  the  Uva  lake  in  Mauna  Ulu  Crater.  Photograph  taken  by 

D W fttmon.  March  5.  1972. 


perched  Alae  lava  lake,  which  measured  about  200  m across  and  May,  the  irregular  summit  area  of  the  rapidly  growing  volcanic 

perhaps  5-10  m deep.  Overflows  from  this  lake  fed  many  short  lava  shield  was  more  than  40  m above  the  mid- 1 97 1 surface  of  the 

flows,  mainly  to  the  south  and  southeast  (hg.  I6.6/3X  raised  the  subsidence  bowl  at  Alae. 

confining  levees,  and  accreted  lava  to  the  surroundinc  areas.  By  I The  generally  steady  and  quiet  output  of  vent  C was  dis- 
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Figure  16.9.  — ActtaI  wew  aliowwig  M«um  Ulu  Crater  f»ll«J  with  lava  during  March  14-24  period  ai  overflow  and  dwld  growth  Circular  structure,  about  700  m across, 
in  background  » Alae  uibwdtmr  bowl  (hg.  16. 5 J Photograph  taken  by  W.A.  iXiffvrld.  March  17,  1972. 


rupted,  al  intervals  ranging  from  about  30  minutes  to  more  than  2 
hours,  by  abrupt  and  brief  (5-30  seconds)  drainbacks,  causing 
considerable  turbulence  of  the  nearby  lava-lake  surface.  Little  or  no 
gas  was  emitted  during  such  behavior  and  the  entire  process 
occurred  silently.  Furthermore,  simultaneous  observations  indicated 
that  the  dramback  events  at  Alae  did  not  correlate  with  gas-piston 
activity  at  Mauna  Ulu. 

Within  Alae  lava  lake  itself,  quasi-solid  but  still  highly  mobile 
island-like  and  peninsula -like  masses  began  to  develop  in  late  Apnl 
(hg.  16. 12k  These  islands  and  peninsulas  eventually  became  fixed  in 
position,  grew,  and  coalesced  to  form  a discontinuous,  roughly 
northwest -southeast  divider  across  the  center  of  the  lake,  nearly 
separating  it  into  two  compartments,  each  of  which  contained  lava 
pools  (hg.  1 6. 1 1 X Beginning  in  late  May,  the  principal  Inflow  of  lava 
from  vent  C was  into  the  northeastern  compartment;  subsequent 
periodic  overflows  raised  its  surface  about  5 m higher  than  that  of  the 
southwestern  compartment.  Spillage  across  the  divider  kept  the 


southwestern  pool  active.  Voluminous  overflows  from  both  compart- 
ments of  the  lake  built  the  compla  Alae  shield  to  an  estimated  height 
of  80  m above  the  pre-1%9  southeastern  rim  of  former  Alae  Crater 

(hg.  16.13k 


SUSTAINED  OVERFLOWS,  UWATUBES. 

AND  LAVA  ENTRY  INTO  THE  SEA 

Starting  in  June  1972,  the  eruption  began  to  depart  from  the 
mode  of  activity  characteristic  of  the  preceding  months.  The  level  of 
Mauna  Ulu  lava  lake  dropped  and  then  fluctuated  between  30  and 
45  m below  the  crater  run.  Construction  of  the  volcanic  shield 
continued  by  periodic  overflows  around  the  margin  of  Alae  lava 
lake,  but  some  of  the  overflows  were  more  sustained  and  gradually 
became  channelized.  Consequently,  an  integrated  system  of  lava 
channels  and  tubes  developed  and  carried  lava  great  distances  from 
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the  immediate  flanks  of  the  growing  shield.  At  times  the  surface  of 
the  Alae  lake  fell  I - 1 0 m below  the  confining  levees  as  lava  drained 
from  the  lake  through  the  tube  system  and  emerged  at  the  surface  as 
far  as  2 km  from  Alae.  By  June  20,  surface  and  tube-fed  lava  flows 
from  Alae  again  began  to  spill  into  the  deep  west  pit  of  Makaopuhi 
Crater  (fig.  16.60 

The  activity  at  Mauna  Ulu  remained  essentially  unchanged  for 
the  next  several  months.  Lava  entered  the  lake  from  the  vent  complex 
between  vent  B and  the  west  end  of  the  trench;  surface  circulation  of 
the  lava  lake  was  predominantly  from  east  to  west;  and  lava 
fountains  5-10  m high  played  sporadically  from  various  parts  of  the 
lake  margin  where  surface  lava  and  crust  circulated  downward. 
Meanwhile,  vent  C at  Alae  continued  to  feed  lava  through  tubes  into 
Makaopuhi*  west  pit.  Near-vertical  tubes  developed  around  the 
two  dominant  lava  cascades  down  the  west  wall  of  Makaopuhi  and 
fed  lava  directly  into  the  molten  pool  beneath  the  crusted  floor, 
gradually  raising  it  in  piston-like  fashion,  as  also  happened  during 
the  filling  of  Alae  Crater  in  1969  (Swanson  and  others,  1972, 
1979}  In  addition,  prominent  talus-and-lava  cones  formed  against 
the  west  wall  (fig.  16.14} 

By  early  August,  inflow  into  Makaopuhi  declined,  but  tube- 
fed  Rahoehoe  flows  accumulated  in  the  area  southeast  of  the  Alae 
shield  and  began  to  advance  southeastward.  During  August  7-13, 
intense  rock  fall  activity  in  Makaopuhi  ‘s  west  pit  generated  about 
0.27  XlO6  mJ  of  rockfall  debris.  Many  of  these  rockfalls  were 
observed  and  photographed  as  they  happened;  correlations  of  field 
observations  and  seismic  data  suggested  that  this  unusually  energetic 
flurry  of  rockfalls  was  caused  by  eruption -induced  changes  in  stress 
patterns  of  the  crater  walls  (Tilling  and  others.  1975}  The  peak 
rockfall  activity  coincided  with  a small-volume  eruption  from  echelon 
fissures  on  the  mezzanine  of  Makaopuhi  observed  on  August  9 and 
10  (Tilling  and  others,  1975,  figs.  2,  4);  this  eruption  began 
between  late  afternoon  of  August  7 and  early  morning  of  August  9. 
Because  the  mezzanine  vent  fissures  were  rootless,  the  cause  of  this 
outbreak  is  problematic.  It  may  in  part  be  attributed  to  hydrofrac- 
turing induced  by  the  weight  of  the  lava  lake  and  rockfall  debris  in 
the  west  pit  exceeding  the  tensile  strength  of  the  mezzanine. 

By  mid- August,  the  tube-fed  southeastward -flowing  lava  from 
Alae  had  advanced  over  Poliokeawe  Pali  and  Holei  Pali,  buned  a 
segment  of  Chain  of  Craters  Road  not  covered  during  the  1969-71 
activity,  and  covered  flows  of  1970-71  and  older  ages  along  the 
coastal  flat.  On  August  23,  lava  reached  the  ocean  at  Kaena  Point, 
about  1.5  km  east  of  the  lava  delta  of  March- May  1971  (fig. 
I6.6C}  marking  the  fourth  time  that  lava  had  entered  the  sea  along 
the  south  coast  of  Hawaii  since  June  of  1969.  The  processes  of  lava 
entry  into  the  sea  and  formation  of  lava  deltas  were  essentially 
identical  to  those  described  earlier  for  the  1969-71  eruption  of 
Mauna  Ulu  (Moore  and  others,  1973)  and  have  been  summarized 
by  Peterson  (1976}  Substantial  stretches  of  new  black-sand  beaches 
formed  along  the  new  shoreline  when  molten  lava  shattered  upon 
quenching  by  seawater  and  was  comminuted  in  the  surf  zone. 
SCU BA-diving  scientists  observed  pillow  formation  and  the  sub- 
marine movement  of  lava  (Grigg,  1973;  Moore,  1975;  Tepley, 
1975} 


Similar  activity  continued  at  Mauna  Ulu  and  Alae  throughout 
September  and  until  mid-October.  The  lake  level  at  Mauna  Ulu 
varied  between  33  and  50  m below  the  crater  rim;  the  lake  at  Alae 
I occasionally  dropped  to  about  20  m below  the  crater  rim  and,  at 
other  times,  briefly  overflowed  its  levees  to  add  to  the  bulk  and  height 
of  the  Alae  shield.  The  volume  rate  of  inflow  of  tube-fed  lava  into 
| Makaopuhi  Crater  slackened.  Temperature,  flow  velocity,  and 
dimensions  of  lava  channels  were  measured  or  estimated  through 
openings  or  skylights  formed  by  local  collapse  of  the  roof  in  the 
upstream  parts  of  the  principal  tube  systems  (figs.  16.15,  16.16} 
Optical  pyrometer  and  thermocouple  measurements  indicated  mini- 
mum temperatures  ranging  between  1,130  and  1 , 1 65  °C.  Average 
flow  rates  were  1 . 5-3.0  m/s;  at  tiroes  of  low  stands  of  Alae  lake  (for 
example,  on  October  1 7}  flow  rates  in  the  tube  systems  decreased  to 
about  0.2-0. 5 m/s. 

Lava  flowage  to  the  sea  from  Alae  lake  through  the  well 
developed  southeast -trending  tube  system  continued  until  mid- 
October,  when  lava  from  vent  C was  diverted  to  the  east  and 
northeast,  away  from  the  tube  system.  By  November  8,  the  diverted 
lava  had  accumulated  to  form  a well-defined  lava  pond,  in  effect  a 
much  smaller  version  of  the  Alae  lake.  This  northeast  pond 
periodically  overflowed  to  construct  a satcliitic  shield  on  the  north- 
eastern flank  of  the  larger  and  complex  Alae  shield. 

The  diversion  of  vent  C lava  to  the  northeast  diminished  the 
rate  of  lava  supply  to  Alae  lake  and  to  the  tube  system  between 
Alae  and  the  sea.  Consequently,  lava  entry  into  the  sea  ceased 
completely  by  about  October  20,  after  having  formed  a lava  delta 
about  8.6 xIO6  m3  in  volume  and  0.18  km2  in  area  (ftterson. 
1976,  table  1} 

By  early  November  the  main  lava  tube  draining  Alae  had 
become  choked  off  at  a point  near  the  southeastern  rim.  Lava  from 
Alae  spilled  into  Makaopuhi  again  briefly  in  late  October  and  more 
voluminously  in  mid-November  (fig.  I6.6D}  The  west  pit  of 
Makaopuhi  was  then  virtually  full  of  lava,  the  irregular  surface  of 
which  sloped  gently  eastward  from  the  west  wall  and  averaged  2-3 
m below  the  floor  of  the  eastern  mezzanine  (fig.  16. 17A} 

ADDITIONAL  GROWTH  OF  ALAE  SHIELD 

Activity  at  Mauna  Ulu  and  Alae  varied  little  for  the 
remainder  of  1972;  the  Mauna  Ulu  lake  level  fluctuated  between  28 
and  36  m below  the  crater  rim,  but  was  most  commonly  at  about  3 1 
m.  Steady  outpouring  of  lava  from  vent  C through  surface  channels 
or  short  tubes  fed  numerous  flows,  which  built  the  complex  Alae 
shield  higher  and  wider.  The  areas  of  major  growth  included  Alae 
summit  (around  vent  C)  and  three  secondary  vent  areas  on  the 
southern  flank  of  the  complex  shield.  Accretions  around  these 
secondary  vents,  presumably  the  outlets  of  tubes  within  the  shield, 
rose  as  much  as  10  m above  the  sloping  flanks  of  the  main  shield. 
Overflows  also  flooded  the  crusted  surfaces  of  both  compartments  of 
the  Alae  lava  lake,  obliterating  their  former  distinct  edges. 

The  growth  of  the  Alae  shield  was  the  dominant  and  most 
conspicuous  activity  in  November- December  1972,  but  significant 
overflows  to  the  south  built  a new  system  of  lava  channels  and  tubes, 
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which  gradually  became  well  integrated.  Toward  the  end  of 
December,  lava  was  being  transported  progressively  greater  dis- 
tances from  vent  C through  an  increasingly  efficient  channel  tube 
system;  as  a result,  shield- building  processes  became  sporadic  and 
subordinate.  By  December  27.  a partly  roofed,  south-trending 
channel  fed  a flow  that  advanced  to  within  I km  of  the  edge  of 
Poliokeawe  Pali  (fig.  16. 6D\  The  continuing  lava-lake  activity  at 
Mauna  Ulu  was  not  affected  by  the  change  of  AJaes  main  activity 
from  shield  building  to  lava-tube  development.  In  the  months  to 
come,  shield  building  would  be  only  an  intermittent  and  minor 
eruptive  process  at  Alac. 

JANUARY  1-MAY  4.  1973 

RENEWED  OVERFLOWS.  LAVA  TUBE  FORMATION,  AND 
LAVA  ENTRY  INTO  SEA 

Eruptive  activity  during  January- April  1973  was  dominated 
by  continued  voluminous  lava  output  from  vents  at  Alae,  develop- 
ment of  well-integrated  lava-tube  systems,  and  renewed  entry  of  lava 
into  the  sea.  Mauna  Ulus  behavior  during  this  interval  remained 
basically  the  same  as  that  during  much  of  1972;  the  lava-lake  level 
was  fairly  steady,  mostly  fluctuating  between  30  and  35  m below  the 
crater  rim  (total  range  24-41  m).  Whereas  during  1972  the  surface 
movement  of  the  lake  was  most  commonly  from  east  to  west,  in  1973 
no  net  circulation  direction  prevailed. 

Vent  C remained  the  principal  source  of  lava  output  at  Alae 
during  January -April  1973,  and  secondary  nearby  sources  were 
intermittently  active.  Gas-piston  activity  became  notable  at  vent  C: 
a cycle  consisted  of  the  slow,  quiet  rise  of  the  lava  column  for  I 5 
minutes  to  one  hour,  followed  by  vigorous  degassing  and  an  abrupt 


drop  of  5-20  m in  the  level  of  the  column.  As  degassing  ended,  the 
quiet  rise  of  lava  resumed  and  the  cycle  repealed. 

Associated  with  the  steady  activity  at  Alac  dunng  Janu- 
ary-February,  two  major  tube  systems  developed,  one  a south- 
trending system  that  began  in  December  1972  and  the  other  a 
rejuvenated  east -northeast -trending  system  toward  Makaopuhi  (fig. 
16.  ISA  X Tube-fed  lava  from  the  south-trending  system  spilled  over 
Poliokeawe  Pali  and  Holei  Piili  by  January  1 2 and  began  to  pond  at 
the  base  of  Holei  Pali.  Extension  of  the  east -northeast -trending 
system  resulted  in  renewed  filling  of  Makaopuhi  beginning  on 
January  24.  By  mid-February  the  west  pit  of  Makaopuhi  was  filled 
to  the  mezzanine  level,  and  soon  thereafter  pahoehoe  lava  covered 
more  than  half  of  the  mezzanine  floor  (fig.  16. \7B\ 

Pahoehoe  flows  fed  by  the  south-trending  tube  system  con- 
tinued to  spread  slowly  over  the  coastal  flat  and  on  February  24 
reached  the  ocean  about  I km  west  of  Apua  Point  (fig.  16. 18AX 
marking  the  fifth  consecutive  year  that  lava  from  Mauna  Ulu 
eruptions  had  entered  the  sea.  By  March  20.  the  subaerial  part  of 
the  lava  delta  at  Apua  Point  had  grown  to  about  0. 18  km2.  Lava 
entered  the  sea  at  Apua  Point  throughout  March  and  April,  and 
the  lava  delta  attained  an  area  of  about  0.29  km2  and  a volume  of 
I 3.0  x I06  m}  (Peterson,  1976,  table  1 \ As  in  1972.  SCUBA 
diving  scientists  were  again  able  to  observe  lava  movement  and 
pillow  formation  beneath  the  sea  surface. 

While  inflow  into  Makaopuhi  dwindled  and  finally  stopped  in 
early  March,  numerous  overflows  issued  from  two  lava-tube  sky- 
lights about  100-120  m east  northeast  of  vent  C.  These  overflows 
and  several  from  vent  C itself  resulted  in  a brief  period  of  shield 
building  at  Alae  summit,  but  the  rate  of  flow  in  the  south-trending 
system  showed  no  decrease. 
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tpaller  cooe  of  vml  B.  Thu  profile  changed  bttle  through  Lie  1973.  Composite  of  photographs  taken  by  R.T.  Holcomb,  February  6.  1973. 


Activity  at  Mauna  Ulu  and  Alae  through  Apnl  varied  little 
from  that  of  earlier  1973.  At  times  dunng  this  period.  Mauna  Ulu 
and  Alae  lava  lakes  varied  roughly  in  concert  (fig.  16. 1 9X  In  mid- 
March.  part  of  the  east  wall  of  Mauna  Ulu  crater  collapsed  and  the 
lava  lake  lengthened  eastward  by  about  20  m into  the  area  of  the 
trough.  However,  within  about  a week,  the  collapsed  part  of  the 
wall  was  rebuilt  and  the  lake  perimeter  retreated  to  near  its  former 
position.  Beginning  in  early  April,  the  western  part  of  the  Mauna 
Ulu  trench  subsided,  and  lava  from  vent  B reached  the  lake  in  the 
western  crater  by  periodic  surface  flows  across  part  or  all  of  the 
trench  floor,  rather  than  by  flow  beneath  it. 

EFFECT  OF  THE  APRIL  26.  1973.  HONOMU  EARTHQUAKE 

At  1026  on  April  26,  an  earthquake  of  magnitude  6.2  shook 
the  Island  of  Hawaii.  The  hypoc enter  was  48  km  beneath  Honomu 
(fig.  16.1,  inset)  on  the  northeast  coast  of  Hawaii  (Unger  and 
others,  1973;  Unger  and  Ward,  1979).  Observations  from  the  air 
and  on  the  ground  showed  no  appreciable  immediate  effect  of  this 
earthquake  on  the  eruptive  activity  at  Mauna  Ulu  and  Alae,  but  the 
south-trending  lava-tube  system  feeding  the  flows  entering  the  ocean 
near  Apua  Point  apparently  was  severely  disrupted  by  subsurface 
collapse- induced  obstructions  that  impeded  and  ultimately  halted 
lava  transport. 

The  rate  of  lava  entering  the  sea  showed  a temporary  increase 
immediately  after  the  earthquake  but  then  declined  rapidly.  By  May 
I , lava  entry  into  the  sea  had  ceased.  Blockage  of  the  tubes  above 
Poliokeawe  Pali  caused  several  copious  overflows  from  upstream 
skylights,  which  in  turn  fed  spectacular  cascades  down  the  face  of 


FiCUKE  16.11.  — Sketch  map  iWing  two  compartment*  m lava  lake  at  Alae  and 
location  of  vents  C and  D.  Vent  C was  fed  through  lava  lubes  from  Mauna  Ulu 
trench  and  m turn  supplied  sent  D through  surface  channels  and  lubes  ( nnfegura 
Ison  of  Alae  lava  lake  surface  varied  daily,  but  ihe  distinction  of  southwest  and 
northeast  compartments  persisted  for  many  week*  See  also  Holcomb  and  others 

(1974.  figs  5 12.  5 13k 


Digitized  by  Google 


420 


VOLCANISM  IN  HAWAII 


FUTURE  16. 12. — View  to  west  ihnwing  island  like  muse*  al  semi  solid  lava  developed  in  Alar  lava  lake,  whack  was  fed  by  lava  issuing  from  opening  at  base  of  fuming  vmt  t 
spatter  cone  (center )i  Mauna  Uhl  shield,  with  its  pronunrnl  vent  B spattrr  cone,  and  Puu  Huluhuhi  are  seen  in  upper  left.  Photograph  taken  by  D.  W.  FYtersoc.  April 


23.  1972. 


Poliokeawe  Pali  and  Holei  Pali  a few  hundred  meters  east  of  the 
blocked  tube  system.  These  cascades  continued  until  May  5.  Tube 
blockage  may  also  have  caused  the  overflows  and  5-m-high  fountains 
on  May  I from  vent  C and  several  secondary  vents  on  the  southwest 


and  south  rim  of  the  crusted  Alae  lake.  By  May  3,  the  activity 
the  secondary  vents  had  nearly  ended,  and  the  lava  column  in  vent 
dropped  to  about  7 m below  the  ground  surface. 

We  assume  but  cannot  prove  that  this  rather  abrupt  cessation  in 
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FlCiC/RF.  16.13. — Schematic  cross  section  showing  Manna  Ulu  and  AUe  volcanic 
ahaelds  in  Late  May  1972;  Ime  of  section  u approximately  east-west  but  is  bent  at 
wrvrraJ  points  so  as  to  traverse  summits  of  Maun  a Ulu  and  Alae.  as  well  as 
Makaopuhi  Crater  and  buned  Akn  Crater.  Vertical  exaggeration  a 2.5.  Modified 
from  TiBtag  and  others  (1973,  fig.  2) 


early  May  of  the  virtually  continuous  activity  that  had  prevailed 
through  April  1973  resulted  from  blockages  in  the  magma  conduits 
caused  by  the  Honomu  earthquake.  A 7.2-magnitude  earthquake  in 
November  1975  (Tilling,  1976b;  Tilling  and  others,  1 976a)  caused 
major  changes  in  Kilaueas  magma  regime  (Dzuristn  and  others, 
I984)i  Yet,  the  6. 7-magmtude  Kaoiki  earthquake  in  November 
1983  apparently  produced  no  observable  effects  on  the  Puo  Oo 
eruption  (Wolfe  and  others,  chapter  17;  E.W.  Wolfe,  written 
commun.,  1985).  Though  the  coincidence  in  timing  between  cessa- 
tion of  activity  and  the  Honomu  earthquake  may  be  fortuitous,  we 
favor  the  working  hypothesis  that  the  disruption  m magma -transfer 
regime  perhaps  was  induced  by  the  earthquake. 


Figure  16.14. — Streams  of  tube-fed  lavs  cascading  down  the  western  wall  (200  m high)  of  Makaopuhi  Crater,  formaig  lava -and  talus  cone*  Photograph  taken  by  W.A. 
Dufhrld  on  June  30,  1972;  see  Holcomb  and  other*  (1974.  p.  51  and  hgs  5-25.  5-26)  for  additional  information 


Digitized  by  Google 


422 


VOLCANISM  IN  HAWAII 


FtCiUKh  16.15. — Geoio^nt  ptobiRii  the  depth  of  * lav*  stream  with  M*inle»t  steel 
pipe  inserted  through  lava-tube  skylight  Photograph  taken  by  R I Tilling  in 
January  1973. 

PAUAHI-HIIAKA  ERUPTION  OF  MAY  5,  1973 

ACTIVITY  WITHIN  PAUAHI  CRATER 

At  0703  on  May  5,  an  intense  flurry  of  small  shallow 
earthquakes  began  in  the  vicinity  of  Mauna  Ulu  and  Alae.  Subse- 
quent smaller  earthquakes  were  soon  masked  on  seismograms  by 
increasing  harmonic  tremor,  accompanied  by  rapid  deflation  of  the 
summit  of  Kilauea.  Observations  at  0915  showed  that  Mauna  Ulu 
lava  lake,  whose  level  was  39  m below  the  crater  rim  only  two  days 
before,  had  completely  drained  to  leave  a very  deep,  rubble  choked 
crater,  whose  walls  were  crumbling  amid  thick  dust  clouds.  The 
crater  formerly  containing  the  lava  lake  was  now  composed  of  two 
parts,  a western  pit  about  180  m deep  and  an  eastern  pit  about  200 
m deep,  both  of  which  were  entirely  devoid  of  molten  lava  (figs. 
16.20,  16 .22A\  The  western  pit  approximately  coincided  with  the 
general  area  of  vent  A.  The  empty  crater  extended  eastward  into  the 
trench  of  Mauna  Ulu  as  far  as  the  area  of  the  vent  B spalter-and- 
pumice  cone  (fig.  16.20).  Observations  at  0945  showed  that  molten 
lava  within  the  Alae  volcanic  edifice  also  had  drained  completely,  as 


expressed  by  the  collapse  of  the  area  of  vent  C to  form  a rubble-filled 
crater  about  60  m by  100  m across  and  30  m deep.  | 

A magnitude- 3 earthquake  occurred  at  0932  near  Put  . 
Huluhulu  and  was  followed  during  the  next  hour  by  several  com- 
parable and  larger  shocks,  some  of  which  were  felt  as  far  away  as 
Hilo.  These  earthquakes  prompted  inspection  of  the  Chain  of 
Craters  Road  area  and  a recommendation  to  officials  of  Hawaii 
Volcanoes  National  Park  that  the  road  be  closed  to  traffic.  An 
observer  arrived  at  Pauahi  Crater  (fig.  16. 188)  at  1020,  just  in  time 
to  watch  the  last  of  a series  of  large  rockfalls  from  the  north  crater 
wall.  At  1023  he  heard  a sharp  loud  sound  and  saw  a dense  fume 
cloud  beginning  to  issue  from  a new  opening  near  the  deepest  part  of 
the  western  pit  of  the  composite  crater.  At  1025  lava  spurted  from 
that  opening,  marking  the  first  historical  eruption  in  Pauahi.  Within 
a few  minutes,  lava  emerged  from  several  additional  openings 
aligned  across  the  northern  side  of  Pauahi,  and  by  1050  lava  was 
fountaining  along  a 120  m long  fissure  trending  about  N.  85' 
E.(fig$.  16.3,  16.188).  At  1120  the  lava  fountains  at  the  first  and 
third  vents  to  open  on  the  crater  floor  reached  their  maximum  height 
of  about  20  m.  Fountaining  then  declined  rapidly  along  the  length  of 
the  fissure,  except  at  the  two  sites  of  maximum  fountaining;  drain- 
back  into  the  stagnant  segments  of  the  vent  fissure  immediately 
followed. 

The  decline  of  the  lava  fountains  and  increase  in  rale  of 
drainback  were  rapid.  By  1125,  the  remaining  fountains  were 
feeble,  the  level  of  the  lava  pond  had  dropped  17  m,  and  a new  vent 
had  broken  out  at  a site  a few  tens  of  meters  east -southeast  of  the 
original  fissure  and  about  40  m above  the  level  of  the  lava  pond  (fig. 

16.  188)  This  new  vent  increased  in  vigor  as  the  original  fountains 
died  about  1140.  By  then  lava  was  draining  at  the  two  former  vents 
on  the  original  fissure  much  more  rapidly  than  the  new  vent  was 
supplying  lava  to  the  pond.  Activity  at  the  new  vent  soon  began  to 
weaken,  and  it  ceased  at  about  1200.  The  lava  surface  in  the  crater 
had  dropped  to  20  m below  its  highest  level  by  the  tune  active 
drainback  ended  about  30  minutes  later,  leaving  a pond  of  lava  20  m 
deep  in  the  lowest  part  of  the  crater. 

The  total  volume  of  lava  erupted  into  Pauahi  Crater  during  this 
first  stage  of  the  eruption  was  about  0.  MxlO6  m3,  of  which 
0. 1 2 X I06  m3  drained  back  down  the  fissure.  A few  small  bubbling 
vents  were  later  observed  to  have  remained  intermittently  active  until 
early  morning  of  May  6,  but  these  contributed  negligible  additional 
volume  to  the  lava  fill  within  the  crater. 


ERUPTION  SHIFTS  TT)  HIIAKA  CRATER 
AND  NEARBY  FISSURES 

Earthquake  activity  and  harmonic  tremor  remained  high  after 
the  eruption  within  Pauahi.  At  1255  on  May  5,  fountaining  broke 
out  along  a set  of  fissures  extending  N . 70°  E.  from  just  east  of  the 
Chain  of  Craters  Road  to  within  the  southeastern  part  of  Hiiaka 
Crater  (figs.  16.3,  16.188).  The  highest  fountains  played  along  the 
fissure  within  the  crater,  reaching  heights  of  nearly  50  m at  times. 
Smaller  fountains  erupted  from  the  fissures  outside  the  crater  and  fed 
a spectacular  cascade  of  lava  down  Huakas  southwestern  wall.  At 
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FlCUKE  1 6. 16.  — Branch  floating  on  Uva  stream  bursts  into  flame  as  it  encounters  oxygen  m the  atmosphere  at  skylight  (opening  about  3 m wide)  of  principal  lava  tube 
leading  from  Alae  Passage  of  such  branches  a tuned  at  successive  downstream  skylights  by  observers  with  slop  watches  who  commuiucatr  by  radio.  Average  rales  of  lava 
movement  so  determined  are  nununum  rales,  because  the  length  of  the  meandering  lava  stream  is  greater  than  the  length  obtained  by  summing  the  linear  distances  measured 
between  skylights  and  because  cascades,  pools,  and  eddies  along  the  lava  stream  slow  a branch's  progress.  Except  at  skylights,  little  oxygen  is  available  in  the  lava  tubes, 
so  a branch  can  be  earned  hundreds  of  meters  before  being  totally  consumed.  This  method  was  used  to  estimate  average  flow  velocities  throughout  the  tube-fed  stages  of 
the  1969-71  and  1972-74  Ylauna  Uhl  eruptions  (FVterson  and  Swanson,  1974;  this  paper)  Photograph  taken  by  R.l.  Tiling.  September  19,  1972. 


1 507  lava  broke  out  from  a new  fissure  southwest  of  the  Chain  of 
Craters  Road  and  initially  ponded  around  the  erupting  vents  and 
against  one  of  the  Koae  fault  scarps  about  200  m farther  south.  The 
lava  crossed  the  Chain  of  Craters  Road  at  1 325  and  added  to  the 
cascade  down  the  crater  wall,  while  fountaining  continued  at  full 
force  within  Hiiaka. 

The  fissure  southwest  of  the  Chain  of  Craters  Road,  the  latest 
near  Hiiaka  to  open,  was  the  first  to  die.  Its  decline  was  apparent 
by  about  1 500,  and  activity  ended  at  about  1 535.  By  that  time,  the 
fissures  northeast  of  the  road  were  erupting  very  gassy  spatter  in 
fountains  no  more  than  3 or  4 m high,  and  the  height  of  the  lava 
fountains  in  Hiiaka  had  decreased  as  well.  By  1700  the  last 
(easternmost)  vent  in  Hiiaka  was  virtually  dead,  spattering  only 
feebly  at  long  intervals,  and  slow  drain  back  was  underway  (fig. 

16.2 1 X 


At  1645,  a dense  fume  cloud  rose  from  a fissure  120  m west  of 
the  Hilina  Pali  Road  (fig.  16. 18BX  I km  southwest  of  its  intersec- 
tion with  the  Chain  of  Craters  Road.  AcnaJ  observations  around 
1 700  showed  a continuous  line  of  spattering  only  a few  meters  high 
along  a fissure  about  180  m long.  A small  flow  was  puddled  around 
the  eruptive  fissure.  By  1740,  when  this  fissure  was  observed  from 
the  ground,  it  no  longer  was  erupting  lava  but  instead  was  degassing 
with  a deafening  roar  and  visible  pale  flames.  The  degassing 
gradually  declined  over  a few  hours,  but  the  fissure  fumed  profusely 
through  the  nett  two  days.  This  outbreak  was  only  the  second  to 
occur  within  the  Koae  fault  system  in  historical  time,  the  first  having 
been  on  May  24,  1969,  and  was  much  farther  within  the  Koae 
system  than  the  1969  fissures  (Koyanagi  and  others,  1973;  Duffield. 
1975;  Swanson  and  others,  1979). 

The  maximum  volume  of  the  new  fill  in  Hiiaka  Crater  from  this 
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Figure  16. 17. — Views  of  MAaopuhi  Crater  in  early  1973  A,  View  o*» January  26.  1973,  from  the  southwestern  run  allowing  the  v«nl  pit  failed  by  tube-fed  lava  from  real 
C lo  within  a few  meters  at  the  mezzanine  surface  Pari  of  l%5  lava  on  mezzanine  ( Wnghi  and  others.  1968)  can  still  be  seen  (center  left)  Photograph  taken  by  D.W 
Peterson.  B.Vsew  from  nearly  the  same  point  on  February  5.  1973.  showing  the  riser/ an  me  surface  (center)  more  than  half  covered  by  new  flow.  Vegetation  on  mezzanine 
was  lulled  earlier  by  fare  set  by  the  outbreak  in  August  1972  Photograph  taken  by  R "I.  Holcomb. 


second  stage  of  the  eruption  was  0. 56x10*  m},  of  which 
0. 12  X 10*01*  drained  back.  In  addition,  flows  covered  about  0.37 
km2  of  ground  outside  the  crater,  probably  accounting  for  an 
additional  volume  of  at  least  0.5x10*  m*.  Together  with  the 
0. 14  X 10*  m1  at  Pauahi,  these  amounts  make  the  total  volume  of 
lava  erupted  during  the  7-hour  eruption  1.2x10*  m},  of  which 
0.2  X 10*  m‘  drained  back  into  the  vent  fissures,  resulting  in  a net 


volume  remaining  on  the  surface  of  about  I X 10*  m3  (table  16.2). 
MAY  6- NOVEMBER  9.  1973 

The  combination  of  tbe  April  26  magnitude-6.2  Hononui 
earthquake  and  the  May  5 Pauahi-Huaka  eruption  caused  only  a 
temporary  disruption  of  the  eruptive  activity  at  Mauna  Liu. 


I 
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Figure  16.17 Conimwd. 


However,  these  events  may  have  been  sufficient  to  weaken,  and  soon 
sever,  the  magma  connection  between  Mauna  Ulu  and  Alae  that 
had  operated  so  efficiently  since  February  1972. 

RETURN  OF  LAVA  TO  MAUNA  ULU  AND  ALAE 

Mauna  Ulus  200-m*deep  crater,  emptied  several  hours  before 
the  Pauahi-Hiiaka  eruption  of  May  5,  was  highly  unstable  now  that 
its  walls  were  no  longer  buttressed  bv  the  lava  lake.  Rockfall  dust 


I cleared  sufficiently  to  allow  the  crater  floor  to  be  seen  and  its  level 
measured  on  the  morning  of  May  6 (fig.  I6.20X  but  large  rockfalls 
continued  to  spall  from  its  walls  for  many  days,  generating  dust 
clouds  that  rose  as  high  as  500  m above  the  crater  nm  (see.  for 
etample.  Tilling  and  others,  1975,  fig.  9). 

Harmonic  tremor  as  recorded  on  the  Puu  Huluhulu  seis- 
mograph was  at  a very  low  level  from  the  morning  of  May  6 until 
about  1900  on  the  evening  of  May  7.  when  it  increased  noticeably. 
On  the  morning  of  May  8,  two  small  pools  of  lava  were  observed  in 
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Figure  16. 19.  — Fluctuations  in  the  depth  from  crater  nm  Id  the  surface  of  lava  lakes  at  Maun  a Ulu  and  Alee  compared  with  venations  in  the  east-west 

summit  bit  measured  at  Uwekahtina.  Data  platted  are  from  Tiding  and  others  (1986)  and  figure  16.4;  till  record  has  been  adjusted  to  remove  the  18-nucroradiM 
caused  by  the  April  26.  1973  Honomu  earthquake  (see  also  hgs.  16.4,  16.37) 


of 

offset 


the  two  deep  pits  of  the  crater;  presumably  lava  had  returned  quietly 
during  the  night.  Each  pool  rose  rapidly,  particularly  that  in  the 
eastern  deep  pit.  By  May  15,  the  lava  level  in  the  eastern  pit  had 
reached  as  high  as  97  m below  the  crater  rim,  but  the  level  for  both 
pits  then  fluctuated  between  100-120  m below  the  rim  during  the 
next  several  days  (fig.  16.223X  Then  the  level  again  rose  rapidly 
and  by  May  25  the  two  pools  had  coalesced  and  the  surface  was  50 
m below  the  crater  rim.  The  level  had  risen  another  10  m by  May 
30,  and  a small  island  of  semi  solid  lava  protruded  above  the  surface 
of  the  lake  (fig.  16.220  This  island,  though  changing  somewhat  in 


Figure  16. 18. — Lav*  flows  developed  during  1973  *nd  1974  in  the  Maw*  Ulu 
region.  A,  January- April.  1973.  B,  May-Octobcr.  1973.  Flows  and  vents  of 
the  May  5 Pauabi  Huaka  eruption  are  shown  in  greater  detail  in  the  mset  No 
mohro  lava  was  seen  at  Alae  after  the  June  9 draining  of  Mauaia  Ulu  lava  lake.  C, 
November- December.  1973.  Major  overflow  from  Mauna  Ulu  during  November 
4-8  and  Hows  and  vents  uf  the  November  10-11  outbreak  at  and  near  Pauahi  are 
shown  m greater  detail  m the  mart.  The  flow  held  of  Ruiahi  eruption  was  formed  in 
less  than  9 hoars  of  activity,  bat  weak  activity  associated  with  the  vent  and  perched 
lava  pond  withan  the  west  pit  of  Pauahi  persisted  through  December  9 (see  hg. 
16.29)  D.  January -June  1974.  All  flows  werr  produced  m eleven  relatively 
short-lived  (no  longer  than  2 days)  eruptive  episodes:  five  in  January -February, 
two  us  March,  three  in  April,  and  one  m May -June  (see  text)  The  only  flow  that 
advanced  beyond  Holci  Pall  m 1974  formed  during  the  most  voluminous  eruptive 
episode  (May  31  -June  2) 


size  and  position  and  occasionally  disappearing,  persisted  during 
much  of  the  subsequent  lava-lake  activity  (hgs.  16.22  D-F\  Prior 
to  the  1972-74  Mauna  Ulu  eruption,  the  development  and  move- 
ment of  such  semisolid  masses  in  liquid  lava  had  only  been  observed 
at  HaJemaumau  Crater  within  Kilaueas  summit  caldera  (see,  for 
example,  Jaggar,  1920,  1947). 

The  lake  continued  to  rise  and  on  June  5 reached  a level  only 
18  in  below  the  rim,  the  highest  stand  smee  the  overflows  of 
February- March  1972,  before  subsiding  to  a depth  of  23  m by 
June  7.  Although  the  recovery  of  the  lava  lake  was  rapid,  the 
sluggish  lava  circulation  that  prevailed  throughout  this  time  suggests 
that  the  effective  viscosity  of  the  lake  lava  was  greater  than  before  the 
May  5 draining. 

On  May  30,  when  the  lava  reached  the  40-m  level  in  Mauna 
Ulu,  fresh  lava  was  observed  about  34  m below  the  crater  run  in 
vent  C of  Alae.  As  the  lava  rose  at  Mauna  Ulu,  the  level 
correspondingly  rose  at  Alae,  confirming  the  general  sympathetic 
variation  in  the  levels  of  the  two  lakes  noted  earlier  (fig.  16.19)  On 
June  5,  when  Mauna  Ulu  was  at  its  highest  level,  the  100-m- 
diameter  crater  of  Alae  was  filled  to  within  5 m of  the  run  by  an 
active,  bubbling  lava  lake.  On  June  7 the  level  at  Alae  subsided  to 
12  m,  simultaneously  with  the  drop  at  Mauna  Ulu,  and  the  lake 
surface  became  entirely  crusted  over. 
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FIGURE  16.20.  — Amol  view  looking  cast  on  May  6.  1973,  snowing  dusl-chokrd  Mauna  L iu  Crater  and  western  half  of  trench  (to  vent  B spatter  cone,  indicated  by  am**l 
which  collapsed  during  draining  of  lava  lake  on  May  5 (see  test ) Contrast  between  February- March  1972  osrrftows  (dark)  and  1969-71  lava  (light)  » obnous  ntiv 
photograph  Trail  to  left  of  crater  leads  to  viewing  platform  established  by  the  National  Park  Service  for  visitors  to  Hawau  Volcanoes  National  Park.  Photograph  tahrt 


by  R.T  Holcomb. 


JUNF.  9 DRAINING  OF  LAVA  LAKES:  DEMISE  OF  ALAE  VENT 

At  2346  on  June  8,  strong  harmonic  tremor  began  abruptly, 
accompanied  by  rapid  summit  deflation  and  earthquakes  in  the 
eastern  part  of  the  Koae  fault  system.  This  activity  ended  equally 


abruptly  at  0350  on  June  9,  by  which  time  the  summit  had  deflated 
by  8 microradians  (fig.  16.4).  When  observers  reached  Maun  a Lb 
summit  after  daybreak,  they  discovered  that  the  lava  lake  had  falkn 
to  about  1 1 2 m below  the  crater  rim — a drop  of  94  m from  its  stand 
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FlCL'Kl-.  16.21. — Huak*  Crater  after  the  eroption  of  May  5,  1973.  showing  flat,  crusted  lava  pond  rwged  by  a lata-tubudence  terrace  (Holcomb.  1973k  the  lop  of  which 
(about  6 m above  pood  surface)  marks  highest  stand  of  lava  lake  during  the  eruption  Photograph  taken  by  R.T.  Holcomb.  May  6.  1973. 


just  four  days  earlier  (fig.  16. 19).  The  large  drop  again  triggered  a 
rash  of  rockfalls  from  the  unstable  crater  walls.  The  crusted  lake  at 
Alae  also  had  dropped,  and  no  molten  lava  could  be  seen  anywhere 
on  the  rubble-covered  floor  of  vent  C,  which  was  about  20  m below 
the  cTater  rim.  In  effect,  the  events  of  June  8-9  were  a smaller  scale 
repetition  of  the  May  5 draining  of  the  lava  lakes,  but  accompanied 


this  time  by  intrusion  into  the  upper  east  rift  zone  and  the  eastern 
part  of  the  Koae  fault  system  (Dzunsin  and  others.  1984.  table  I) 
without  a surface  outbreak. 

The  lava  lake  at  Alae  never  recovered  from  the  June  9 
draining,  and  all  vent  activity  ceased  there  for  the  remainder  of  the 
eruption.  However,  the  lava  lake  at  Mauna  Ulu  immediately  began 
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Figure  16-22.— Filing  and  draining  of  Maun*  Uhl  Crater  durum  the  period 
May  • November  1973;  all  view*  are  eastward  from  ihe  western  end  of  the  crater. 
A.  Summit  crater  one  day  after  the  lava  lake  drained;  crater  n approximately  100 
m wide  and  200  m deep.  Vent  B spatter  cone  (arrow)  »enrrs  as  reference  landmark 
m later  viov*.  Photograph  taken  by  R.I  Tilling.  May  6,  1973  B Renewed 
eruption  has  begun  to  (ill  the  crater.  Lava  is  shown  here  flowing  over  the  levee  of  the 
lava  lake  in  the  eastern  part  of  the  crater  and  into  deeper  western  part.  Photograph 


D 

taken  by  R.I.  Filling.  May  18.  1973.  C.  Killing  of  thecTatrr  resumed  folmmng 
draining  of  the  lava  lake  on  June  9.  Here  levees  confine  an  active  lava  lake  that 
frequently  overflowed  into  the  surrounding  moat.  A senu solid  island  in  center  of 
lake,  which  hrsl  formed  in  late  May  and  then  briefly  foundered  fallowing  the  June 
draining,  reappeared  as  the  lake  rose.  Photograph  taken  by  R.I.  Tilling.  June  15. 
1973.  D.  The  island  has  grown  larger,  and  the  surface  of  active  lake  Has  decreased 
also  as  levees  grew  inward  from  the  crater  walls.  Dominant  flow  direction  of  lake 
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surface  toward  camera.  Photograph  taken  by  D.W.  Peterson.  June  21,  1973.  E, 
As  lake  level  rose,  the  surface  area  of  active  lake  continued  to  decrease  The 
former  island  has  grown  to  become  a peninsula  that  nearly  divides  the  lake  into  two 
ponds.  Photograph  taken  by  R.  I.  Tilling.  June  24.  1973.  F.  Rise  in  lake  surface 
has  flooded  the  levees  with  new  lava.  Photograph  taken  by  R.l.  Tilling.  June  28. 
1973.  G.  Gradual  draining  of  lava  dunng  July  resulted  in  collapse  of  perched  lake 


and  surrounding  crust,  beginning  a two  month  repose  at  Maura  Ulu  (see  tat). 
Photograph  taken  by  R.l.  Tilbng.  July  25.  1973.  H.  Raped  filling  of  the  crater 
dunng  October  and  early  November  produced  a lava  lake  without  levers,  and  the 
lake  surface  reached  the  lowest  point  on  M aura  Uhl's  western  nm  Fountain  m 
background  fed  lake  and  built  spatter  cone  (kg.  16.23)  (^holograph  taken  by  R.  I. 
Tilling.  November  4.  1973. 
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B OCTOBER  22— NOVEMBER  3 


then  begins  to  rise  rapidly  as  activity  increases. 


Figure  16.24.  — Owflow  of  Mauna  Ulu  Craler  in  November  1 97  3 Lake  level 
stabilized  when  overflow*  began  on  November  4,  and  lever*  again  developed 
(compare  fig.  16.22/A  confining  a perched  lake  al  an  elev alien  higher  than  the 
initial  craler  rim  Site  from  which  photographs  of  figure  16.22  were  taken  is  » 
foreground  where  stream  on  nghi  overflows  levee.  Photograph  taken  by  R.l 

lilling.  November  7.  1973. 
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FlC.UKI  16.23. — Sketches  showing  eruptive  activity  al  Mauna  Ulu  from  October 
20  through  November  10.  1973.  A,  October  20.  B.  October  22-November  3. 
C.  November  4-  10  Major  overflow  of  November  4-8  was  first  from  Mauna 
Ulu  since  March  1972. 


confining  natural  levees  and  the  perched  lake,  as  well  as  the  level  of 
the  moat. 

Sluggish  lava-lake  activity  continued  at  Mauna  Uhi  for  the 
next  several  months;  lava  level  rose  while  the  area  of  active  surface 
lava  shrank  (fig.  I6.22D,  E) l By  mid-July,  active  lava  was 
restricted  to  two  circular  areas  10-15  m in  diameter,  one  of  which 
included  the  active  vent.  Gas-piston  cycles  and  associated  small 
overflows  occurred  at  intervals  of  5-20  minutes.  The  declining 
activity,  coupled  with  concurrent  inflation  at  Kilauea  summit,  indi- 
cated that  the  connection  between  the  summit  reservoir  and  Mauna 
Ulu  was  not  fully  reestablished.  By  July  24  the  lava  lake  had 
become  stagnant,  with  the  crusted  surface  at  the  vent  about  15  m 
below  the  rim.  No  molten  lava  was  visible,  and  the  crusted  surface 
began  to  subside  (fig.  I6.22CX  beginning  the  longest  repose  in 
visible  activity  since  the  eruption  began  in  February  1972.  This 
repose  penod,  accept  for  the  brief  reappearance  of  lava  in  early 
September,  lasted  nearly  two  months.  Subsidence  was  rapid  for  one 
week,  averaging  5-6  m/d,  and  then  slackened;  it  continued 
throughout  August,  and  the  lake  crust  fell  to  about  81  m below  the 
rim.  Harmonic  tremor,  varying  from  very  low  to  moderate  in 
intensity,  persisted  throughout  the  repose. 


to  rise,  reaching  51  m below  the  rim  by  June  19.  The  island  of 
senusolid  lava  that  first  formed  in  late  May  briefly  disappeared 
following  the  June  9 draining  but  soon  reappeared  and  rose  together 
with  the  lake  surface  (fig.  16 .22C-FX  The  lava  appeared  even 
more  viscous  than  following  the  May  5 draining.  As  the  lava  lake 
rose  gradually,  the  area  of  sluggishly  circulating  lava  steadily 
decreased.  Activity  was  confined  to  a central  part,  perched  behind 
natural  levees  and  separated  from  the  crater  walls  by  a moat  3-20  m 
wide  and  3-4  m deep.  Periodic  overflows  into  the  moat  raised  the 


RESUMPTION  OF  LAVA  LAKE  ACTIVITY  AT  MAUNA  ULU : 

A MAJOR  OVERFLOW 

No  molten  lava  was  visible  at  Mauna  Ulu  from  July  24  to 
September  3.  Harmonic  tremor  markedly  increased  at  0435  on 
September  4.  and  observations  later  that  morning  revealed  a lava 
lake  in  Mauna  Ulu  Crater  with  a few  fountains  up  to  5 m high.  TTu- 
lake  surface  was  62  m below  the  craler  rim,  up  from  its  81  -m  level  in 
mid- August.  About  1400,  tremor  abruptly  decreased  and  the  low 
fount ainmg  ceased.  The  lake  persisted  through  September  6.  b> 
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FlC.UKK  16.25. — TrlepKoto  view  (300-mm  lens)  from  Puu  Huluhulu  thowing  slabs  of  crosl  and  molten  malpn.il  of  Mauna  Ulu  lava  Ukr  being  lifted  in  vorln  of  thermally 
generated  wdurlwmd  Pbotograpb  was  taken  by  R I Tilling  on  January  30.  1974.  but  unular  and  more  vigorous  activity  occurred  on  November  8.  1973. 


which  time  a solid,  slowly  subsiding  crust  had  again  developed 
across  its  entire  surface. 

Lava-lake  activity  resumed  sometime  between  noon  of  Sep- 
tember 25  and  the  afternoon  of  September  26  with  the  reopening  of 
a vent  in  the  eastern  part  of  Mauna  Ulu  Crater.  Lava  flooded  the 
crater  floor,  and  within  a few  days  the  lake  level  rose  from  68  m to  61 
m below  the  rim;  the  familiar  circulation  pattern  with  periodic  crustal 
overturns  was  reestablished.  During  the  next  three  weeks,  lava-lake 
activity  alternated  between  active  circulation  and  stagnation  with  the 
formation  of  crust,  and  the  irregular  surface  of  the  lake  gradually 
rose  to  1 5 m below  the  rim  in  the  eastern  part  of  the  crater  and  to  32 
m in  the  western  part. 

Sharply  increased  summit  inflation  continued  during  October 
(fig.  16.4)  and  by  October  20  the  activity  at  Mauna  Ulu  was  the 
most  vigorous  for  many  months;  lava  fountains  from  parts  of  the  lake 
surface  commonly  attained  heights  of  15  m.  The  principal  vents, 
whose  lava  columns  periodically  exhibited  gas-piston  behavior,  were 
localized  between  former  vents  A and  B,  near  the  position  of  the 
septum  that  formerly  separated  the  crater  and  the  trench  (figs. 


16.11,  I6.23AX  Lava  mostly  flowed  westward  from  these  vents 
down  a sloping  ramp,  at  the  base  of  which  a perched  lake  developed 
(fig.  23BX  Overflows  from  this  perched  lake,  together  with  flows 
fed  directly  by  the  vents,  flooded  much  of  Mauna  Ulus  crater  floor 
during  the  next  few  weeks.  The  area  of  active  surface  greatly 
increased,  and  the  lava  lake  continued  to  rise. 

Mauna  Ulu's  activity  substantially  increased  during  the  morn- 
ing of  November  3,  when  the  lava  surface  was  about  25  m below  the 
lowest  point  of  the  western  crater  rim.  Voluminous  flows  from  three 
closely  clustered  vents  (fig.  I6.23B)  raised  the  lava  surface  to  12  m 
below  the  nm  by  midday.  The  next  morning  fountaimng  was  40  m 
high,  and  modest  deflation  began  at  Kilauea  summit.  At  0900  on 
November  4,  the  lava  level  was  only  3 m below  the  low  point  of  the 
western  rim.  and  it  continued  to  rise  at  a rate  of  about  0. 5 m h.  Soon 
the  perched  lava  lake  was  inundated  by  the  rising  lava,  and  the  two- 
level  aspect  (western  crater  and  eastern  trench)  that  had  charac- 
terized the  configuration  of  Mauna  Ulu  throughout  much  of  the 
1972-73  activity  was  lost.  Mauna  Ulu  now  resembled  the  bnmfull 
lake  that  ocisted  at  times  during  February -March  1972. 
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By  1445  on  November  4,  lava  had  risen  to  the  lowest  point  of 
the  western  rim  (fig.  16.22 H\  and  slow  outflow  commenced  at 
1600,  marking  the  first  overflow  from  the  crater  since  March  18, 
1972.  This  overflow,  however,  advanced  only  about  35  m,  because 
construction  of  confining  levees  nearly  kept  pace  with  the  now  more 
slowly  rising  Maun  a Ulu  lake,  whose  surface  area  was  now  almost 
55,000  m2  (fig.  16.230  Throughout  the  night  of  November  4-5, 
the  lava  lake  continued  to  rise,  and  levees,  typically  1-2  m high, 
were  built  along  low  areas  of  the  old  crater  rim. 

A major  overflow  from  the  western  end  of  the  crater  began 
early  on  November  5.  as  a lava  stream  several  meters  wide  flowed 
across  a levee  8- 1 0 m higher  than  the  original  low  point  on  the  rim 
(fig.  I6.24X  Subsequently,  two  or  three  lava  streams  spilled  over  the 
levees  on  the  northwestern  rim,  converged  into  a single  stream  within 
about  30  m of  the  rim,  and  turned  southward  to  pass  east  of  the 
buried  Aloi  Crater  (fig.  16. 18CX  An  irregular  overflow  apron 
formed  along  most  of  the  northwest  crater  rim,  and  other  smaller 
short-lived  spills  occurred  elsewhere,  including  two  at  the  eastern 
end.  However,  voluminous  outflow  was  confined  to  the  south- 
trending  stream  spilling  out  of  the  western  end  of  the  crater;  this  flow 
advanced  about  2.6  km  before  stopping  in  the  early  morning  of 
November  8 (fig.  16.180 

A wooden  viewing  platform  at  Mauna  Ulu  (fig.  16.23)  was 
kept  open  to  the  public  by  the  National  Park  Service  through  the 
night  of  November  4.  allowing  hundreds  of  park  visitors  to  view  the 
filling  lava  lake  and  30  to  40-m-high  fountains.  Heat  from  the  rising 
lava  and  continued  high  fountaining  forced  the  viewing  platform  to 
be  abandoned  late  on  the  night  of  November  4.  The  platform  was 
consumed  early  the  nett  morning  as  lava  overflowed  the  rim. 

On  November  8,  observers  witnessed  a thermally  generated 
whirlwind  that  played  erratically  across  the  Mauna  Ulu  lava-lake 
surface  for  about  10  minutes.  The  whirlwind  lifted  crustal  slabs  2-3 
meters  in  diameter  to  heights  of  20-30  m,  and  smaller  pieces  went 
much  higher  (fig.  16.25X  Molten  lava  exposed  beneath  the  vortex 
also  was  lifted  high  into  the  air  and  deposited,  in  part,  as  blobs  of 
spatter  and  Peles  hair  beyond  the  crater  rim. 

PAUAH1  ERUPTION  OF  NOVEMBER  10- DECEMBER  9, 1973 

VIGOROUS  INITIAL  ACTIVITY  ASSOCIATED  WITH 
FISSURE  VENTS.  NOVEMBER  10-11 

About  1 730  on  November  10,  seismic  stations  in  the  vicinity  of 
Mauna  Ulu  and  Pauahi  Crater  began  to  record  a moderate  to  high 
level  of  harmonic  tremor  accompanied  by  a flurry  of  earthquakes. 
At  the  same  time,  a National  Park  Service  ranger  at  Puu  Huluhuiu 
radioed  a report  to  HVO  that  he  felt  ground  shaking  and  could  see 
greatly  increased  turbulence  and  degassing  of  the  still  bnmful  lava 
lake  at  Mauna  Ulu.  A drainback  of  Mauna  Ulu  lava  lake  was 
underway,  similar  to  those  that  had  occurred  on  May  5 and  June  9. 
Summit  deflation  commenced  about  15  minutes  later  and,  combined 
with  intensified  seismic  activity  localized  in  the  Pauahi- Mauna  Ulu 
area,  suggested  the  possibility  of  another  eruptive  outbreak. 

HVO  observers  arrived  at  Mauna  Ulu  about  1830,  in  time  to 
watch  drainback;  the  surface  of  the  lake  in  the  western  part  of  the 
crater  had  already  subsided  to  a level  of  about  40  m below  the  rim 


FiGUKF.  16.26.  — Draining  of  lara  from  Mauna  Ulu  on  Novrmber  10.  1973.  left  * 
nibble-covered  crater  floor  about  40  m deep.  During  draining,  the  levees  on  thr 
run.  left  unsupported,  coll&pied.  Photograph  taken  by  D.W.  FVterv*, 
November  12.  1973. 


(fig.  I6.26X  By  2100  subsidence  (fig.  1 6. 23C)  had  largely  ceased, 
and  partially  cooled  lava  continued  to  spall  from  the  crater  walls 
amid  showers  of  glowing  debris.  Meanwhile,  rockfalls  were  reported 
in  Pauahi  Crater.  At  2135  an  earthquake  was  felt  in  the  Puu 
Huluhuiu  area  and  triggered  rockfalls  at  Pauahi. 

At  2147,  gassy  lava  broke  out  in  F^uahi  Crater  about  midway 
up  the  north  wall  of  the  east  pit  and  began  to  pool  at  the  bottom  of 
the  crater.  Echelon  fissures  opened  eastward  up  the  wall  to  the  crater 
rim.  A few  minutes  later,  a fissure  trending  N.  70°  E.,  aligned  with 
the  northwest  comer  of  the  western  pit,  cut  the  Chain  of  Craters 
Road  west  of  Pauahi  (fig.  16.180;  fountaining  of  lava  from  this 
fissure  was  observed  at  2200,  and  within  minutes  the  road  was 
blocked  by  lava.  At  2215,  a vent  opened  in  the  north  wall  of  the 
west  pit.  approximately  midway  between  the  two  fissures  of  the  May 
5 eruption,  and  lava  began  to  pool  in  the  west  pit  as  well  as  in  the 
east  pit. 

At  2245,  several  additional  fissures  opened  and  extended 
about  1.5  km  east-northeast  toward  Puu  Huluhuiu;  pahoehoe  flows 
fed  by  fountains  from  these  fissures  ultimately  covered  about  I . I km2 
of  land  (fig.  16. 180  Fountaining  as  high  as  70  m continued  within 
and  outside  Pauahi  Crater  throughout  the  night  of  November  10—11 
and  fed  lava  pools  in  both  the  east  and  west  pits  (fig.  I6.27X 

Shortly  after  midnight,  lava  filled  the  east  pit  to  the  level  of  the 
septum  that  separated  it  from  the  west  pit  and  began  to  cascade 
westward  and  circulate  clockwise  (fig.  16.28).  At  0135  on 
November  1 1 . new  lava  outbreaks  occurred  high  on  the  northwest 
wall  of  the  west  pit.  Lava  from  these  sources  poured  into  the  pit.  but 
the  rate  of  drainback,  presumably  into  the  May  5 fissures,  was 
greater;  the  lava  level  in  the  west  pit  consequently  began  to  lower.  At 
01 50,  the  fissure  in  the  east  pit  stopped  erupting,  and  by  0200  flow 
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FIGURE  16.27. — View  (rare  the  tooth  nm  of  Pauahi  Crater  at  001  3 on  November  II.  1973.  showing  fountains  20- 30  m h»gh  along  future  that  «ut»  the  north  wall  of  thr  east 
pit  of  Pauahi  and  suppbes  lava  to  thr  nung  lair,  which  at  this  point  t*  still  below  the  septum  separating  rail  and  west  pits.  Lava  fountains  from  other  vents  in  thr  west  pit 
(left  centre,  near  edge)  fred  another  lava  lake  in  the  west  pit.  Five  minutes  after  this  photograph  was  taken,  lava  in  the  eastern  lake  had  risen  to  the  lowest  pom!  along  the 
septum  and  began  to  spill  into  thr  west  pit  (see  fig.  16.263  Photograph  takra  by  K l Filling. 


across  the  septum  between  the  pits  had  stopped.  Soon  lava  was 
draining  back  into  fissures  in  both  pits,  though  it  continued  to 
cascade  at  a decreasing  rate  from  the  northwest  wall  of  the  west  pit 
until  0545.  At  0440,  fountains  as  high  as  20  m were  active  near  the 
east  end  of  the  fissure  system  near  Puu  Huluhulu,  but  all  activity 
along  these  fissures  stopped  by  0600. 

PF.HSISTF.NT.  FEEBLE  ACTIVITY  AT  A LOCALIZED  VENT 
WITHIN  THE  WEST  PIT.  NOVEMBER  1 1 -DECEMBER  9 

On  November  12,  the  level  of  the  largely  crusted  lava  pool  in 
the  east  pit  of  Pauahi  was  about  100  m below  the  crater  rim  and 
about  21  m below  the  high  lava  mark  established  before  drainback. 
The  northwest  vent  on  the  floor  of  the  west  pit  of  Pauahi  continued 
to  emit  lava  after  all  other  activity  had  ceased.  Lava  fountains 
15-35  m high  still  played  at  the  vent  through  November  12,  but 
four  days  later  only  a slow  upwelling  of  lava  could  be  seen.  By 


November  19,  a perched  lava  lake  about  30  m in  diameter  had 
developed  at  the  base  of  a spatter  cone  5-10  m high  situated  near 
the  west  end  of  the  northwest  fissure  vent  (fig.  16. 3).  Lava  level  in 
the  west  pit  slowly  rose  as  the  result  of  periodic  overflows  from  the 
perched  lava  lake,  and  by  November  21  it  reached  within  5 m of  the 
lowest  point  on  the  septum  between  the  two  pits.  On  November  28, 
lava  from  the  west  pit  trickled  over  the  septum  and  descended  into 

the  east  pit  (fig.  16.29). 

On  about  December  3,  the  activity  in  the  west  pit  declined 
appreciably,  and  overflows  from  the  perched  lava  lake  ended.  Vent 
activity  virtually  stopped,  and  during  the  next  several  days  circula- 
tion became  progressively  more  sluggish.  By  December  8,  no 
circulation  could  be  seen  in  the  lake,  and  the  crusted  surface  had 
subsided  7 m below  the  levees.  Further  subsidence  of  the  lava  crust 
occurred  the  nott  day,  and  fuming  from  the  vent  largely  ceased. 
Cessation  of  tremor  about  noon  on  December  9 marked  the  end  of 
the  November- December  Pauahi  eruption. 
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FlCURE  16.28.  — View  from  KRith  rim  of  l^aujJu  Crater  at  0050  on  November  1 1 . 1973.  showing  lava  from  lake  in  east  pit  cascading  over  septum  into  lava  lake  m west  pit 
Two  smaller  vents  on  western  wall  of  west  pit  also  feed  lava  into  the  lake,  which  here  is  about  1 50  m across  and  shows  clockwise  circulation.  Photograph  taken  by  R I 
Tilhng 


DECEMBER  10,  1973-JULY  22,  1974 

REAPPEARANCE  OF  THE  LAVA  LAKE  AT  MAUNA  ULU 

No  eruption  occurred  at  Kilauea  between  December  9 and  12. 
On  December  10  and  II,  a portable  seismometer  in  the  Pauahi- 
Mauna  Ulu  area  detected  no  harmonic  tremor  above  normal  back- 
ground noise.  Then,  on  December  12,  the  permanent  seismometer 
closest  to  the  Pauahi-Mauna  Ulu  area  began  sensing  intermittent 
harmonic  tremor.  This  tremor  increased  in  intensity  and  became 
sustained  by  the  nett  day,  when  lava  quietly  reappeared  at  Mauna 
Ulu  and  quickly  rose  to  30  m below  the  crater  run.  Thus  visible 
activity  at  Mauna  Ulu  resumed  on  December  13  (not  December  12 
as  stated  by  Peterson  and  others.  I976)l  Vent  activity  was  localized 
a short  distance  west  of  the  vigorous  vents  that  fed  the  November 
4-8  overflows  (fig.  I6.23)t 

Over  the  next  few  days  the  lake  level  rose  to  18-20  m below 
the  crater  rim.  Initially  the  entire  surface  of  the  lake  was  active,  but 
by  December  20  activity  was  reduced  to  sporadic  ooztng  of  lava. 


punctuated  by  brief  degassing  bursts,  from  a spatter  cone  feeding  » 
small  perched  lava  lake.  This  low-level  activity  continued  into  mid 
January  1974,  and  the  floor  of  Mauna  Ulu  crater  became  irregular 
because  of  differential  subsidence. 

DEPARTURE  FROM  1972-73  BEHAVIOR: 

RENEW  ED  GROWTH  OF  MAUNA  UUU  SHIELD 

Rather  than  the  sustained  lava-lake  and  associated  eruptiw 
behavior  that  generally  prevailed  during  1972-73,  Mauna  Ulu 
activity  in  1974  was  characterized  by  short  eruptions  (no  more  thin 
two  days)  in  which  lava  fountains  40-80  m high  fed  short-lived  but 
voluminous  overflows.  Episodes  of  fountaimng  and  overflow  were 
separated  by  3-day  to  5 -week  periods  of  only  feeble  activity. 

ITe  voluminous  overflows,  augmented  by  spatter-cone  growth 
during  the  quiet  periods,  resulted  in  renewed  growth  of  the  Mauna 
Ulu  shield.  Most  overflows  traveled  only  short  distances,  but  several 
extended  3 km  or  more  from  the  vent  and  one  advanced  about  9 km 
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FlCSJRF.  16.29. — View  from  pMUihi's  west  pit  on  December  5,  1973.  toward  Puu  Huhihulu  (arrow)  and  Mauna  Ulu  shield  to  right  of  it.  Cuotinued  eruption  m Pauahis 
writ  pit  through  December  9 built  a low  lava  shield,  the  small  summit  crater  of  which  contains  a perched  pond  of  mokrn  lava  (lower  left)  Small  amounts  of  lava  from  this 
perched  pond  have  flowed  across  septum  mlo  the  east  pit.  Also  seen  are  the  high  mark  of  lava  lake  m east  pit  before  drawback,  and  the  future  that  fed  the  east  prl  lake. 
Photograph  taken  by  R.T  Holcomb. 


The  first  of  the  1974  eruptive  episodes  began  on  January  24 
and  was  preceded  by  several  days  of  heightened  harmonic  tremor, 
increased  shallow  summit  earthquakes,  and  summit  inflation  (fig. 
16.30).  During  the  ensuing  36-hour  burst  of  activity,  a 60- m high 


lava  fountain  (figs.  16.31,  16.32)  fed  by  vent  E,  (fig.  16.3)  filled 
Mauna  Ulu  to  the  bnm,  built  a I 5-m-htgh  spatter  cone  atop  the 
shield,  and  fed  numerous  overflows,  one  of  which  advanced  more 
than  I km  from  the  vent.  Hus  episode  was  accompanied  at  Kilauea 
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FlGURF.  16.10. — Coftflalwn  of  ihr  eruptive  episode*  during  January -March  1974.  thaxactmzrd  by  vigorous  founlaining  and  vohinunous  overflows,  with  uruimni  ■ 
Uwrkahuru  till  and  daily  number  <4  shallow  (depth  lest  than  5 kin)  summit  earthquakes  (see  table  16.1  and  text). 


summit  by  abrupt  but  modest  deflation  and  a decrease  in  seismicity. 
Once  the  episode  ended,  inflation  began  again  and  seismicity 
increased  immediately,  culminating  in  another  eruptive  episode  on 
January  29.  During  the  quiet  period  between  the  two  eruptive 
episodes,  low-level  activity  persisted  at  Mauna  Ulu.  The  crusted 
lava-lakr  surface  sagged  to  about  3 m below  the  nm.  and  bursts  of 
spatter  from  vigorous  gas-piston  degassing  reached  heights  of  20  m 
above  the  vent. 

The  time,  duration,  amount  of  inflation  or  deflation,  tilt 
variations,  and  summit  seismicity  for  five  <xceptionally  well  docu- 
mented eruptive  episodes  during  January- February  1974  are  sum- 
marized in  table  16.3  and  figure  16.30.  Lava  spilled  over  all  flanks 
of  the  Mauna  Ulu  shield  during  each  episode,  but  the  most 
voluminous  overflows  were  directed  northward.  Much  lava  ponded 
in  the  saddle  between  Mauna  Ulu  and  F\iu  I luluhulu.  and  a well 
dehned  levee  grew  around  the  pond  during  the  January  24  -26 
episode  (fig.  16.32) 

A month-long  quiet  period  followed  these  January- February 


eruptive  episodes;  during  the  first  part  of  this  (February  I 5- March 
j 5X  vent  activity  w-as  restricted  entirely  to  the  vent  E,  spatter  cone  at 
| Mauna  Ulu  summit.  On  March  5 a new  vent  (designated  F)  opened 
; about  140  m east -northeast  of  vent  E,  (fig.  16.3)  accompanied  by- 
summit  deflation  of  about  2 microradians.  Both  vents  E(  and  F 
operated  until  March  17.  and  lava  output  from  each  varied  within 
the  range  2-5  nr/».  Both  vents  exhibited  gas-piston  activity  that 
generated  spatter,  enlarged  tbeir  cones,  and  fed  numerous  short  lived 
flows.  Fheir  activities,  however,  could  not  be  closely  correlated  in 
S time;  any  connection  between  them  was  apparently  complex  despite 
their  close  proximity. 

Iwo  eruptive  episodes  occurred  in  March  (table  16.3  and  fig. 
16.30)  The  first  began  in  the  early  evening  of  March  17,  lasted 
about  30  hours,  and  resulted  in  a summit  deflation  of  about  5.5 
microradians.  In  contrast  to  the  January -February  episodes,  this 
one  produced  a maximum  fountain  height  of  only  1 5 m.  even  though 
lava  output  was  equally  great.  South-directed  overflows  advanced  3 
km  (fig.  16.180)  fhe  eruptive  episode  of  March  23-24  (fig 
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Figure  16.31.  — fountain  *nd  thermal  plume  produced  during  January  24-26  erupt ivr  efmndr  nf  Mauna  Ulu  viewed  (rum  l lawanan  Volcano  Obaervalory  more  than 

12  lun  away.  holograph  taken  by  R.T.  Holcomb.  January  24.  1974 


1 6. 30)  produced  copious  overflows  mainly  directed  southward  and 
built  the  vent  E,  spatter  cone  even  higher  (fig.  16.33).  Pus  episode 
also  included  strong  rockfall  activity  at  Pauaht  Crater.  ITiese 
frequent  and  large  rockfalls,  combined  with  high -amplitude  tremor 


and  rapid  deflation,  were  reminiscent  of  the  precursors  to  the  May 
1973  and  November  1973  eruptions  in  the  Pauahi  area.  This  time, 
however,  the  movement  of  magma  into  the  Pauahi  area  remained 
entirely  underground  and  fed  a brief  intrusion  into  Kilaueas  east  rift 
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Figure  16  32. — View  from  the  umutut  of  1^10  Hulubulu  on  January  25.  1974. 
during  fcr»l  of  * *mr»  of  bnrf  cruphur  rpttodrt  that  wrrr  irvtmperied  with  longer 
qurrl  period*  of  only  feeble  vwUr  activity  TV  Lava  fountain  w as  about  60ro  hagh- 
TV  lava  lake  vur  rounding  tV  vent  overflowed  tV  confining  lew  and  fed  a eoptou* 
flow  that  (wmdrd  in  the  valid lr  between  Mauna  Ulu  and  l\iu  Huluhulu  (middle 
foreground l IVmdrd  How  developed  levee*  and  evolved  into  a perched  lava  pood 
Topographic  feature  to  tV  left  of  lava  fountain  i»  tV  (patter  cone  of  mil  B 
ilwlotcraph  taken  by  R T Holcomb. 


zone  (Dzurisin  and  others,  1984,  table  I X which  had  no  observable 
effect  on  activity  at  Mauna  Ulu.  Fhe  sharp  deflation  ceased  at  0700 
on  March  24.  signaling  the  end  of  the  episode.  However,  even 
though  vigorous  vent  activity  and  voluminous  surface  overflows  had 
largely  ended  by  the  morning  of  March  24.  lava  primarily  from  vent 
F continued  to  feed  a south-moving  flow  through  a channel-tube 
system.  ITus  flow  cascaded  over  Poliokeawe  Pali  on  April  3 and 
slopped  several  hundred  meters  farther  two  days  later.  During 
March,  the  southeastern  flank  of  Mauna  Ulu  became  underlain  by  a 
complex  mare  of  anastomosing  lava  tubes,  and  there  were  abundant 
opportunities  to  observe  lava-tube  processes. 

During  the  first  half  of  April,  relatively  quiet  activity  prevailed 
at  Mauna  Ulu.  The  spatter  cone  at  vent  E,  (fig.  16.33)  collapsed 
on  April  2.  and  continuing  collapse  resulted  in  a small  (20  m by  1 5 
m)  active  lava  lake,  which  commonly  othibited  gas-piston  behavior. 
This  activity  apparently  was  confined  to  the  area  of  the  Mauna  Ulu 
vents,  as  it  was  not  reflected  by  Kilauea  summit  deflation  or  inflation. 
However,  three  larger  eruptive  episodes  in  mid -April  (Apirl 
13-14,  16-17.  and  18-19)  were  accompanied  by  summit  defla- 
tions of  5,  1.5,  and  2 microradians,  respectively.  These  episodes 
produced  overflows,  which  moved  down  all  sides  of  Mauna  Ulu  but 
did  not  enter  the  eastern  part  of  the  trench.  Hie  April  13-14 
overflows  continued  virtually  nonstop  for  16  hours,  and  a dome 
fountain  5-10  m high  played  for  many  hours  from  an  opening 
between  vents  E,  and  F (an  excellent  example  of  a dome  fountain  is 
shown  by  Swanson  and  others.  1979,  fig.  28X 

No  well-defined  eruptive  episodes  occurred  during  late  April, 
but  activity  during  this  time  was  nonetheless  fairly  strong.  All  vent 
activity  was  confined  to  E(  and  a 2-m-wide  new  opening  (desig- 
nated E2)  30  m farther  east  (fig.  16.3):  vent  F became  inactive. 
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Figure  16.33.— View  of  Muu  Ulu  shield  from  the  weal  on  March  27.  1974.  showing  sleep  sided  spoiler  cone  of  vent  E|.  which  collapsed  on  April  2.  Flank  of  F\u 
Huluhuiu  is  seen  center  left;  Alae  shield  is  behind  and  to  right  of  Mauna  Ulu.  Photograph  taken  by  R.l.  Tilling. 


Many  brief  but  copious  overflows  from  E,  and  E2  added  to  the 
shield,  burying  vent  F in  the  process.  By  the  end  of  April,  the 
height  of  the  Mauna  Ulu  shield  had  increased  about  1 5 m,  to  1 1 7 m 
above  the  pre-1%9  base,  and  its  width  increased  proportionately. 
During  the  period  of  rapid  shield  growth,  a sustained  flow  fed  by 
vent  E2  formed  a tube  system  that  extended  southward.  Lava  spilled 
over  Poliokeawe  Pali  on  April  30,  and  on  May  7 the  flow  front 
reached  the  lip  of  Holci  Pali  before  stopping  the  next  day. 

Gas-piston  processes  dominated  the  behavior  of  the  overflows: 
a strong  overflow  would  issue  from  vent  E,  or  E2  for  a period  of  5 
minutes  to  more  than  one  hour;  then  a brief  but  spectacular  burst  of 
degassing  would  abruptly  terminate  the  overflow,  and  the  lava 
column  would  drop  10-20  m.  The  lava  column  would  then  rise 
slowly  over  a period  of  13  minutes  to  several  hours.  When  the  lava 
reached  the  rim  of  the  vent,  a new  overflow  would  begin.  The  gas 
piston  cycles  of  vents  E,  and  E2  apparently  operated  independently. 

During  May,  the  eruptive  activity  at  Mauna  Ulu  progressively 
declined:  overflows  stopped,  lava  in  channels  and  tubes  solidified, 
and  the  lava  column  dropped  several  meters.  Piecemeal  wall  col- 
lapse enlarged  vents  E,  and  E2;  by  May  12  the  two  openings 
coalesced  to  form  an  elongate  crater,  which  measured  approximately 
40  m by  90  m cm  May  20.  The  lava  lake  within  the  western  part  of 
this  crater  was  about  13-20  m below  the  rim.  Lava  circulated  from 
west  to  east  and  then  plunged  over  a septum  into  a pit  at  least  50  m 


deep  in  the  eastern  part  of  the  crater. 

During  late  May,  lava-lake  circulation  became  increasingly 
sluggish  until  the  late  evening  of  May  29,  when  summit  deflation 
began  and  harmonic  tremor  increased.  By  the  noct  morning  the 
summit  crater  at  Mauna  Ulu  had  refilled,  and  low  fountains  were 
active  along  much  of  the  lake  margin.  Lava  was  spilling  over  at  two 
points  on  the  southeast  nm,  and  a flow  already  had  advanced  nearly 
2 km  southward.  As  the  day  progressed,  the  activity  increased,  as 
did  the  rate  of  summit  deflation.  During  the  night  of  May  30.  gassy 
fountains  at  the  lava  lake  threw  spatter  about  20  m high,  and 
voluminous  overflows  began  to  cascade  down  all  sides  of  the  Mauna 
Ulu  shield. 

Fountains  and  overflows  continued  until  June  I , when  weather 
conditions  permitted  excellent  aerial  photography  during  peak 
activity  (fig.  16.34).  Most  of  the  lava  traveled  southward,  and  the 
main  flow  poured  over  Poliokeawe  Pali  and  Holei  Pali  (fig.  16.35). 
At  about  midnight  the  summit  deflation  stopped  and  inflation 
resumed:  overflows  ended  about  0200  on  June  2. 

The  May  29-June  2 eruptive  episode  was  the  largest  of  1974 
and  was  accompanied  by  about  10  microradians  of  summit  deflation. 
It  added  another  4 m of  lava  to  the  Mauna  Ulu  shield  to  raise  its 
summit  to  the  maximum  height  reached  during  the  1972-74  erup- 
tion. 121  m above  the  pre-1%9  ground  surface  (Peterson  and 
others,  I976X  and  sent  lava  over  Flolei  Pali  for  the  first  time  in  1974 
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FlCURC  16.34.  — Vertical  *mal  photograph  < (Kirill  a lo  left!  taken  June  I.  1974. 
showing  Active  radial  overflows  from  Maun*  Ulu  lava  lake  during  the  May  -June 
eruptive  episode  Also  shown  ((enter)  are  summit  crater  <4  I\ju  I luluhulu  and  lava 
pond  in  saddle  between  \ fauna  Ulu  and  Pkiu  I luluhulu,  which  first  formed  m 
January  1974  (6g.  16.32)  and  was  reactivated  during  several  later  eruptive 
episodes  Photograph  taken  by  R.M.  Tow  ill  Corporation. 

(fig.  16. I8D).  This  episode,  as  it  turned  out,  aJso  knelled  the  end  of 
the  1972-74  Mauna  Ulu  eruption. 

CESSATION  OF  T1  IE  1972-74  MAUNA  ULU  ERUPTION 

Soon  after  the  May-June  eruptive  episode.  Mauna  Ulus 
summit  lake  subsided,  and  lava  circulated  sluggishly  20-3 2 m below 


FIGURE  16.35. — Lava  stream  of  May  June  1974  rruptive  episode  becomes 
braided  during  cascade  over  Polinkeawe  Pali  (about  1 65  m high)  Northwest  is  to 
Irft,  lava  flows  from  upper  left  to  lower  right  Vertical  amal  photograph  laken  by 
R.  M Towill  Cnrporatiun  on  June  I.  1974 


the  crater  run.  In  response  to  the  lower  lake  level,  numerous  rocktalls 
from  steep  and  overhanging  walls  enlarged  the  crater  at  its  run  from 
40  m by  90  m on  May  20  to  107  m by  147  m by  June  20.  Lava 
activity  declined  through  June  and  much  of  July;  the  lava  lake 
changed  little  in  configuration  and  was  largely  obscured  by  fumes. 
Circulation  became  increasingly  sluggish,  and  the  crusted  and  rubbiy 
lake  surface  continued  to  subside  gradually,  approaching  about  40  m 
below  the  run  by  mid-July. 

As  Mauna  Ulu  activy  waned,  the  summit  region  of  Kilauea 
remained  highly  inflated,  the  tilt  at  Uwekahuna  fluctuating  within  a 
range  of  4 microradians.  A summit  eruption  on  July  19-22 
(Peterson  and  others.  1976)  caused  no  observable  changes  in  the 
already  feeble  activity  at  Mauna  Ulu.  Following  the  summit  erup- 
tion. however,  the  small,  subsiding  lava  pool  disappeared  beneath 
the  rubble-covered  craler  bottom.  After  July  22,  no  molten  lava  was 
visible  anywhere  on  Kilauea,  and  harmonic  tremor  in  the  Mauna 
Ulu  area  ceased. 

Months  after  July  22.  Mauna  Ulu  Crater  was  obscured  by 
extremely  heavy  emission  of  fumes.  Visible  observations  of  the  crater 
were  impossible,  but  sounds  of  rockfalls  were  commonly  heard, 
indicating  continued  piecemeal  collapse  of  the  wails  and  possible 
subsidence  of  its  rubbiy  floor.  During  November  1974,  attempts 
were  made  to  determine  the  depth  of  the  crater  by  hurling  percus- 
sion imp.ut.  noise -emit ting  probes  into  the  crater  and  measuring  the 
tune  elapsed  between  release  and  impact.  I"hese  measurements 
yielded  six  depth  estimates  ranging  from  56  m below  the  run  in  the 
shallow  northwestern  pari  of  the  crater  to  1 33  m in  the  considerably 
deeper  eastern  part.  Large  uncertainties  are  attached  to  these 
measurements,  but  they  nevertheless  suggest  that  the  deepest  parts  of 
Mauna  Ulu  Crater  in  November  1974  (averaging  perhaps  130  m) 
were  considerably  shallower  than  the  maximum  depth  of  200  m 
measured  following  the  complete  drainage  of  the  lake  in  May  1973. 
Hie  decrease  in  depth  presumably  reflected  solidification  of  residual 
lava  and  partial  filling  of  the  crater  by  rockfall  debris.  The  depth  of 
the  Mauna  Ulu  crater  at  the  end  of  the  1969-71  eruption  was  145 
m (Swanson  and  others.  1979,  fig.  7X 

GROUND  DEFORMATION  AND  SEISMICITY 

Fhe  general  relations  between  eruption,  intrusion,  ground 
deformation,  and  seismicity  at  Kilauea  Volcano  have  been  well 
documented  from  systematic  studies  by  scientists  of  the  Hawaiian 
Volcano  Observatory  since  its  founding  in  1912.  A comprehensive 
model  that  integrates  the  data  on  subsurface  structure,  magma 
storage  and  transport,  and  eruptive  processes  was  first  described  ui 
the  early  1960s  (see  Eaton  and  Murala.  I960;  Faton.  1962);  many 
subsequent  studies  have  refined  and  increasingly  quantified  this 
model  (for  example,  Fiske  and  Kinoshita.  1969;  Swanson.  1972; 
Kinoshita  and  others,  1974;  Koyanagi  and  others,  1976a,  b; 
Swanson  and  others.  1976b;  Ryan  and  others.  1981,  1983;  Aki 
and  Koyanagi.  1981:  Dvorak  and  others,  1983;  Dzurisin  and 
others,  1984)  In  the  discussion  to  follow,  we  assume  that  the  reader 
is  familiar  with  the  well  documented  behavior  typically  observed  for 
Kilauea  rift  activity:  between  eruptions,  summit  inflation  occurs  as 
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TaHLE  16.4. — Dales  of  rcoccupatrans  of  the  ground -deformation  nehMfk*  of 
KAauea  summit  pertinent  to  1972-74  Mauna  Utu  eruption 

[ Mr«Mrmw«U  obtmnrd  during  thrv  r«occvpatK«»  provide  the  data  foe  Iqpire*  16.38-  16.43 
Somr  reoccupabon  pmodi  were  pidce^rd  became  of  inclement  wrathn.  Rromipationi  t i 
two  or  mcne  hpo  of  nrfwodb  during  a cloarly  hratkrtrd  tunc  proud  *rr  mdirMrcl  l*>  an 
a*(m»k  (*).  Data  are  ilortd  on  magnetic  tape*  al  the  Hmawi  Volcano  Oboemloryj 


Level 

Tilt 

Trilateration 

Inflation  period  before  eruption 

* 9/29-30/71 

10/1-7/71 

10/4-7/71 

10/20-22/71 

11/1-2/71 

11/11-12/71 

11/19-24/71 

* 11/30-12/1/71 

11/29-12/1/71 

12/13-14/71 

• 

12/27-30/71 

12/20-23/71 

1/10-11/72 

* 1/17-20/72 

1/26-28/72 

1/26-28/72 

During  the  1972-74  Mauna  Ulu  eruption 


2/7-9/72 

2/22-25/72 

3/7-9/72 

4/3-7/72 

4/17-10/72 

6/12-13/72 

6/5-8/72 

6/5-14/72 

12/4-13/72 

7/17-20/72 

8/21-29/72 

9/27-29/72 

12/4-11/72 

12/5-29/72 

3/13-26/73 

5/10-11-73 

5/7-14/73 

5/7-10/73 

5/21-6/1/73 

6/26-28/73 

5/29-6/1/73 
(partial ) 

9/19-20/73 

9/20-10/3/73 

9/24-27/73 

11/13-14/73 

11/11-14/73 

11/15-21/73 

12/10-20/73 

1/14-29/74 

3/12-25/74 

4/4-5/74 

5/22-30/74 

4/1-3/74 

7/26-31/74 

7/22-26/74 

7/22-25/74 

magma  is  supplied  from  the  upper  mantle  to  a reservoir  2-4  km 
deep;  dunng  flank  eruptions,  summit  deflation  occurs  as  magma 
moves  into  a rift  zone. 

Ground-deformation  and  seismic  data  for  the  1972-74 
Mauna  Ulu  eruption  are  summarized  in  table  16.4  and  figures  16.4 
and  16.36-16.46.  In  general,  crustal  deformation  and  seismicity 
during  the  1972-74  Mauna  Ulu  eruption  were  typical  for  Kilauea 


east  rift  eruptions.  Periods  of  weak  or  no  vent  activity  generally 
correlated  with  net  inflation  and  increased  number  of  shallow 
earthquakes  in  the  summit  region,  whereas  vigorous  eruptive  activity 
correlated  with  deflation  and  reduced  summit  seismicity. 

VARIATION  IN  SUMMIT  TILT  MEASURED  AT  UWEKAHUNA 

Tilt  at  Kilauea  summit,  especially  as  measured  daily  by  the  3- 
m base,  water-tube  tiitmeters  at  Uwekahuna  vault  (hg.  16.1)  to  a 
precision  of  about  I prad  (I  microradianX  provides  a sensitive  and 
continuous  record  of  the  inflation  deflation  stale  of  the  shallow 
magma  reservoir.  These  daily  measurements  are  augmented  by 
continuously  recording  mercury-pool  capacitance  tiitmeters  at  the 
same  site;  data  from  these  instruments  correlate  well  with  the  daily 
water-tube  measurements.  In  addition  to  these  tih-measurement 
instruments.  Kilauea  caldera  is  laced  by  the  summit  electronic- 
distance- measurement  (EDM)  monitor  (fig.  I6.36X  The  five  EDM 
lines  of  the  summit  monitor  are  measured  on  a fairly  frequent  basis 
between  periodic  occupations  of  the  entire  summit  trilateration 
network  of  47  lines  (Kinoshita  and  others,  1974,  fig.  9X  In  general, 
summit  inflation  is  indicated  by  extensions  on  these  EDM  lines  and 
deflation  by  contractions. 

Summit  tilt  measured  at  Uwekahuna  (figs.  16.4,  16.37) 
generally  correlates  systematically  with  evidence  of  inflation  and 
deflation  from  leveling,  trilateration,  and  gravimetric  data  (Dzurisin 
and  others,  1980,  1984;  Dvorak  and  others,  I983X  Because  the 
locus  of  maximum  uplift  most  commonly  lies  southeast  of  the 
Uwekahuna  site,  northward  down  tih  on  the  north-south  axis  or 
westward-down  tih  on  the  east-west  axis  almost  always  indicates 
inflation;  similarly,  opposite  senses  of  relative  tih  of  the  two  compo- 
nents generally  indicate  deflation.  As  will  be  seen,  however,  excep- 
tions to  this  general  relationship  sometimes  occur. 

For  the  1972-74  Mauna  Ulu  eruption,  the  east-west  compo- 
nent of  the  Uwekahuna  tih  shows  the  variations  more  dearly  than 
does  the  north -south  component;  for  convenience  we  discuss  the 
I summit  tilt  in  terms  of  change  in  microradians  ( + , apparent 
inflation;  — , apparent  deflation)  only  in  this  east-west  component 
(fig.  I6.4X  Whether  the  apparent  inflation  or  deflation  registered  by 
the  Uwekahuna  tih  corresponds  to  actual  inflation  or  deflation  of  the 
entire  summit  region  can  be  evaluated  by  comparison  of  level,  ground 
tilt,  and  trilateration  surveys.  With  the  exception  of  those  related  to 
| non-elastic  rotation  of  tectonic  blocks,  large  changes  in  Uwekahuna 
I tilt  indicate  true  summit  inflation  or  deflation,  but  small  changes  may 
not  be  amenable  to  simple  interpretation.  Like  Dzurisin  and  others 
(1984,  p.  191 X we  assume  that  net  summit  inflation  reflects 
increased  summit  storage  and  cumulative  summit  deflation  reflects 
increased  rift-zone  storage,  which  can  be  manifested  as  eruptive 
activity,  intrusive  activity,  or  both. 

The  variation  curve  for  Uwekahuna  tih  dunng  1972—74 
shows  two  plateau  like  segments  (fig.  I6.37X  each  of  which  is 
I characterized  by  vanations  in  tih  of  less  than  25  prad  during 
periods  of  at  least  8 months.  The  first  of  these  segments  encompasses 
the  period  from  the  start  of  the  eruption  through  April  1973,  and 
the  second  period  from  December  1973  to  the  end  of  the  eruption. 
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FlCUKfc  16.36.  — Map  showing  local**  of  thr  tion*. -distant.  e-nwAsurrmctil  (EDM)  bench  mart*  (triangle*)  of  the  Kilaura  uonmit  Inlaterahon  network  The  straight 

Unn  shown  make  up  the  so-called  summit  EDM  monitor:  solid  linn  ur  remeasured  mote  frequently  than  dashed  lines  (see  fig.  16.39)  Distance*  between  all  other  bench 
marks  in  the  Murunit  network  (Kinoahita  and  othen,  1974,  fig  9)  are  remeasured  periodically  depending  on  eruptive  activity.  Craters,  the  summit  caldera,  and  faults  in 
the  rift  tones  shown  for  reference.  HVO,  Hawaiian  Volcano  Observatory. 


These  two  prolonged  periods  of  little  net  change  in  summit  tilt 
suggest  that  a quasi -steady' state  regime  prevailed  in  the  summit 
magma  reservoir:  supply  of  magma  to  the  reservoir  was  counter- 
balanced by  migration  of  magma  into  the  east  rift  zone.  This  delicate 
balance  was  upset  in  early  May  1973.  possibly  as  a consequence  of 
the  Honomu  earthquake  (April  26,  1973X  after  which  magma 
entered  the  reservoir  faster  than  it  was  transferred  to  the  rift  zone, 
and  net  summit  inflation  occurred  for  the  next  seven  months. 
December  1973  marked  the  reestablishment  of  open  communication 
between  the  summit  reservoir  and  the  Pauahi- Mauna  Ulu  area,  and 
the  second  period  of  quasi  steady  slate  magma  transfer  began. 

The  amount  of  summit  deflation  during  the  May  1973  and 
November  1973  eruptions,  about  20  prad  for  each  (fig.  16.  37)l  is 


similar  to  the  range  of  tilt  oscillations  during  the  various  stages  of  the 
1972-74  Mauna  Ulu  eruption  (variation  within  the  shaded  bands 
in  fig.  I6.37X  We  suggest  that  the  gross  equivalence  of  the  ranges  of 
tilt  changes  reflects  transfer  of  magma  from  the  summit  reservoir  to 
ihe  rift  zone  in  increments  just  sufficient  to  maintain  a quasi-steady- 
state  condition  that  prevailed  dunng  most  of  the  eruptive  period 
A more  detailed  plot  of  the  Uwekahuna  lilt  record  for  the 
1972-74  Mauna  Ulu  eruption  (fig.  16. 4X  adjusted  for  the 
18-prad  tectonic  offset  caused  by  the  April  1973  Honomu  earth- 
quake, reveals  interesting  second-order  variations.  The  reap- 
pearance of  lava  at  Mauna  Ulu  on  February  3,  1972.  did  not 
appreciably  disrupt  the  marked  trend  of  net  inflation  that  began  in 
mid- 1971.  On  February  5,  the  summit  tilt  reached  a maximum  since 
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Figure  16.37. — V*nabon  in  fCilauta  summit  tih  for  the  pmod  May  1969  January  1975,  as  mcasurrd  by  short  base  watrr  tube  tikmrtrr  at  Uwrkalwina  vault;  mirroradun 
scale  arbitrary,  with  value  at  May  I.  1969,  taken  at  zero.  The  manmtu<le-6.2  Honocnu  earthquake  (April  26.  1973)  caused  an  1 8-mcroradian  offset  of  the  east- west 
component  of  tik.  Tdt  record  for  1972-1974  Mauna  Ulu  eniptioo  it  characterued  by  two  distinctive  plateau -like  segnsents  separated  by  penod  of  net  inflation  (tee  text) 


daily  measurements  were  initialed  at  Uwekahuna  in  July  1956.  This 
inflationary  trend  then  was  terminated  by  a 6-p.rad  deflation  during 
the  noct  two  days  as  the  lava  lake  rose  rapidly  in  Mauna  Ulu  Crater. 
Thereafter,  most  of  the  larger  variations  in  summit  tilt  can  be  related 
to  significant  changes  in  observed  surface  activity,  the  most  promi- 
nent of  which  are  annotated  in  figure  16.4. 

Even  many  of  the  smaller  tilt  oscillations  (5  prad  or  less)  can 
be  correlated  with  changes  in  lava -lake  level  or  episodes  of  vigorous 
vent  activity,  such  as  above-average  lava  fountainmg  or  overflows 
from  the  vent.  One  of  the  best  documented  examples  of  such 
correlation  is  associated  with  the  five  eruptive  episodes  during 
January -February  1974  (table  16.3,  fig.  16.30).  Other  good,  but 
less  well  documented,  examples  are  evident  in  figure  16.4. 

Parts  of  the  summit  (Uwekahuna)  tik  record  cannot,  however, 
be  readily  correlated  with  eruptive  behavior.  Possible  reasons  for 
such  lack  of  correlation  include:  (I ) Diagnostic  field  observations  are 
lacking.  (2)  The  tilt  reflects  subsurface  magma  migration  processes 
that  caused  no  visible  change  in  eruptive  activity,  such  as  intrusion  or 
leakage  into  secondary  storage  reservoirs  in  the  rift  zonefsj  (3) 
Unrecognized  time  lags  oust  between  changes  in  summit  tih  and 
changes  at  the  site  of  eruption.  Some  particularly  intriguing  tih 
oscillations,  larger  than  usual  and  more  periodic  and  cyclical  in 
amplitude,  cannot  be  fully  accounted  for  by  changes  in  visible 
activity.  The  June- August  1972  oscillations  (figs.  16.4,  16.37) 
occurred  during  a quasi-steady-state  penod  when  a well -integrated 
tube  system  supplied  sustained  overflows.  Similar  oscillations  in  late 
July -September  1973  occurred  during  a two-month  repose  in 
visible  activity  (fig.  16.4)  when  the  summit  was  inflating. 

These  cyclical  oscillations  have  a period  of  20  to  21  days  and 
are  therefore  unlikely  to  be  related  to  fortnightly  earth  tides.  They 


may  reflect  pulses  of  magma  entry  into  shallow  secondary  reservoirs 
within  the  east  rift  zone,  which  caused  localized  intrusion  and 
associated  ground  deformation  rather  than  observable  changes  in 
surface  activity  at  Mauna  Ulu  or  Alae.  Dzurisin  and  others  (1984, 
fig.  4)  demonstrated  that  similar  oscillations  (though  more  variable  in 
amplitudeX  in  April- August  1980  reflected  periodic  leakage  of 
magma  from  the  summit  reservoir  into  the  east  rift  zone.  Unfor- 
tunately, the  Mauna  Ulu  flows  during  1969-74  repeatedly 
destroyed  instrument  sites  and  buried  much  of  the  established 
geodetic  network  in  Kilaueas  upper  east  rift  zone.  Periodic  reoc- 
cupations that  had  been  planned  for  these  sites  might  have  provided 
critical  data  on  the  possible  existence  of  subsidiary  magma  storage 
reservoirs  between  the  summit  and  the  Mauna  Ulu- Alae  area  or 
even  farther  downrift.  Evidence  for  a secondary  reservoir  near 
Makaopuhi  Crater  before  May  1969  was  presented  by  Jackson  and 
others  (1975)  and  by  Swanson  and  others  (1976a). 

If  adjusted  for  the  offset  caused  by  the  April  1973  Honocnu 
earthquake,  the  net  change  in  summit  tilt  during  the  entire  eruption, 
February  3,  1972  to  July  22,  1974,  was  no  more  than  + 8 prad. 
Thus  the  1972-74  Mauna  Ulu  eruption,  despite  the  tih  excursions 
related  to  the  two  1973  outbreaks  near  Pauahi  (figs.  16.4,  I6.37X 
resuked  in  negligible  net  inflation  in  terms  of  Uwekahuna  tilt. 

Throughout  the  eruption,  the  east -west  component  of  summit 
tik  and  the  north-south  component  vaned  sympathetically,  except 
during  two  intervals:  August -December  1972  and  June-October 
1973.  Individual  tilt  peaks  during  these  intervals  can  be  correlated, 
but  the  east-west  component  indicates  apparent  net  inflation  and  the 
north-south  component  shows  apparent  net  deflation  (figs.  16.4, 
16.37X  Such  a pattern  can  be  produced  either  by  an  inflation  center 
northeast  of  the  Uwekahuna  vault  or  by  a subsidence  center 
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southwest  of  it.  Abundant  studies  of  other  historical  Kilauea 
eruptions  (for  example.  Fiske  and  Kinoshita.  1969;  Duffield  and 
others.  1982)  provide  no  support  for  the  possibility  of  an  inflation 
center  northeast  of  Uwekahuna.  Although  the  alternative  interpreta- 
tion seems  to  be  more  plausible,  given  the  well-documented  and 
wide-ranging  lateral  shifts  in  inflation  centers  in  the  southern  part  of 
the  summit,  it  too  is  unsatisfactory  (see  section  below  titled  “Results 
of  level,  till,  and  trilateration  surveys" X A departure  from  the 
general  correspondence  between  the  east- west  and  north- south 
components  also  characterized  the  period  September  1 970- April 
1971  (Swanson  and  others,  1979,  hg.  2)  during  stage  3 of  the 
1969-71  Manna  Ulu  eruption,  when  lava-lake  and  associated 
processes  were  well  developed  and  dominated  the  eruptive  activity. 

RESULTS  OF  LEVEL,  TILT,  AND  TRILATERATION  SURVEYS 

Variations  in  Uwekhuna  tilt  provide  a useful  guide  to  the 
behavior  of  the  summit  magma  reservoir,  but  they  only  represent 
measurements  at  a single  locality  and  should  be  interpreted  within 
the  contact  of  other  geodetic  data  from  ground-deformation  networks 
spanning  the  entire  summit  of  Kilauea. 

SEPTEMBER  1971 -JANUARY  1972:  PRE  ERUPTION  INFLATION 

Ground -deformation  networks  in  the  summit  region  of  Kilauea 
were  reoccupied  periodically  before  and  during  the  1972-74 
Mauna  Ulu  eruption  (table  I6.4X  Particularly  useful  arc  the  results 
of  closely  bracketed  surveys  that  included  the  reoccupation  of  the 
level  or  trilateration  network  in  addition  to  the  more  frequently 
measured  tilt  network  (tilt  surveys  were  made  by  the  spirit-level 
tilting  or  dry-tilt  technique  described  by  Kinoshita  and  others, 
1974,  p.  91 X These  data  allow  comparison  of  the  geodetic  response 
of  the  entire  summit  region  with  the  tilt  changes  observed  at 
Uwekahuna.  For  example,  the  4-month  net  inflation  ( + 43  prad) 
preceding  the  1972-74  Mauna  Ulu  eruption  was  dearly  recorded 
by  all  three  types  of  surveys,  which  delineated  a wdl-defincd  center 
of  inflation  located  about  I km  south-southeast  of  Halemaumau 
Crater  (hg.  I6.38A;  Duffteld  and  others,  1982,  hg.  10fiX 

FEBRUARY  1972- APRIL  197+ 

QUASI  -STEADY-STATE  ACTIVITY 

Only  data  from  tilt  surveys  are  available  for  the  first  several 
months  of  the  eruption,  a period  of  relatively  small  tilt  changes  at 
Uwekahuna  but  substantial  visible  activity  at  Mauna  Ulu  and 
Alae.The  pre-eruption  inflation,  which  during  January  1972 
resulted  in  a net  Uwekahuna  tilt  change  of  about  + 15  prad,  is  well 
expressed  by  plots  of  tilt  vectors  determined  from  measurements 
during  January  26-28.  about  a week  before  resumption  of  activity 
at  Mauna  Ulu,  and  dunng  the  next  survey  on  February  7-9  (hg. 
16. 38/JX  The  period  bracketed  by  these  two  surveys,  though  it 
included  the  start  of  eruption  on  February  3 and  the  tilt  peak  on 
February  5,  showed  virtually  no  net  change  in  the  east-west 
component  of  Uwekahuna  tilt  (hgs.  16.4,  I6.37X  Given  the 
measurement  uncertainty  of  2-3  prad,  the  solid  line  vectors  in 


figure  16. 38fl  should  have  been  essentially  random  in  direction,  if 
the  Uwekahuna  bit  was  representative  of  the  entire  summit  region. 
However,  the  vectors  for  the  field  surveys  yield  a fairly  well-defined 
pattern  consistent  with  slight  summit  inflation.  Moreover,  vectors 
calculated  from  the  east-west  and  north- south  components  of 
Uwekahuna  tik  are  compatible  with  this  inflation  pattern  (fig. 

16.388X 

During  the  next  survey  period,  the  net  Uwekahuna  tilt  change 
was  negligibly  small  ( + 3 pradX  and  the  almost  random  array  of 
vectors  was  not  amenable  to  simple  interpretation  (fig.  I6.38CX 
The  next  period,  February  22-25  to  March  7-9,  encompassed 
major  overflow  activity  at  Mauna  Ulu  and  net  Uwekahuna  deflation 
of  about  9 prad.  The  resulting  tilt  vectors  for  this  period  show  a 
weak  but  nevertheless  coherent  deflation  pattern  (fig.  16. 38/) X in 
agreement  with  tilt  data  from  Uwekahuna. 

These  results  indiate  that  the  measurable  geodetic  response  of 
the  entire  summit  region  may  not  correspond  to  that  at  Uwekahuna 
vault  during  periods  of  minor  inflation  or  deflation.  Indeed,  these 
observations  in  turn  raise  intriguing  questions  about  the  magma - 
conduit  system:  Is  there  some  threshold  value  in  the  rate  or  volume  of 
magma  transport  that  must  be  exceed ed  before  surface  response 
becomes  coherent  over  the  entire  summit  region?  Because  Kilauea 
does  not  deform  purely  elastically  (see  Davis  and  others,  1974)  but 
possesses  a finite  yield  strength,  must  time  elapse  to  accommodate 
inelastic  deformation  before  elastic  behavior  dominates  and  inte- 
grated geodetic  response  is  established? 

It  is  difficult,  perhaps  impossible,  to  answer  such  questions 
with  ousting  data,  because  the  tilt  surveys  are  significantly  less 
precise  than  the  water-tube  tilt  measurements  at  Uwekahuna.  In 
addition,  some  ground  displacements  considerably  larger  than  those 
discussed  show  widely  diverse  geodetic  responses  of  the  summit 
region:  the  center  of  inflation  or  deflation  can  migrate  as  much  as  3 
km  in  any  direction  within  weeks;  deflation  generally  is  not  a simple 
reversal  of  the  preceding  inflation;  and  the  complexity  of  Kilauea*s 
overall  magma  reservoir  system  allows  local  behavior  to  be  almost 
j independent  for  short  periods  of  time  (Fiske  and  Kinoshita,  1969; 

! Swanson  and  others,  1976a;  Duffield  and  others,  1982;  Ryan  and 
others.  1983;  Dzurisin  and  others,  I984X 

No  appropriately  paired  deformation  surveys  are  available  to 
evaluate  the  effects  of  the  mid-March  deflation  (13  prad  at 
t Uwekahuna).  the  largest  during  1972  (figs.  16.4,  I6.37X  which 
accompanied  the  opening  of  the  west-flank  fissure  at  Mauna  Ulu  and 
of  A lac  vents  C and  D that  fed  voluminous  overflows.  However,  this 
deflation  is  reflected  in  the  frequently  measured  lines  of  the  summit 
EDM  monitor  (fig.  I6.39X 

Through  May  1972  the  eruption  was  characterized  by  a net 
Uwekahuna  tilt  change  of  -20  prad,  associated  with  a broad, 
kidney-shaped  area  of  subsidence  across  the  eastern  part  of  the 
summit  region  (fig.  16.40AX  The  tih  vectors  arc  consistent  with  the 
vertical  displacements.  However,  similarly  paired  trilateration  sur- 
veys (table  16.4)  yield  a pattern  of  vectors  of  horizontal  ground 
displacements  that  is  incompatible  with  the  deflation  pattern  derived 
from  tilt  and  level  data.  The  reasons  for  this  incompatibility  arc 
unknown  but  are  under  study.  In  addition,  net  summit  deflations  of 
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small  magnitude,  especially  those  involving  several  wider  oscillations 
in  summit  lilt  may  in  general  yield  less  simple  patterns  than  summit 
inflations. 

The  period  June -December  1972,  an  interval  of  nearly 
continuous  eruptive  activity  at  Mauna  Ulu  and  Alae,  was  charac- 
terized by  a few  months  of  periodic  tilt  oscillations  (fig.  16. 19)  with 
virtually  no  net  change  in  Uwekahuna  tilt,  followed  by  modest 
apparent  net  inflation  of  + 15  prad.  However,  during  part  of  this 
period,  the  north-south  component  of  Uwekahuna  tilt  indicated 
apparent  net  deflation.  Perhaps  these  tilt  data  are  best  interpreted  as 
indicating  deflation  localized  south  and  west  of  Uwekahuna,  as 
suggested  by  the  vector  calculated  from  the  east -west  and  north  - 
south  tilt  components  (fig.  16.406,  vector  UWE)  Such  deflation 
accords  with  the  results  of  level  and  tilt  surveys,  which  also  suggest 
minor  subsidence  east  of  Pauahi  (fig.  I6.406X  but  the  azimuth  of 
vector  UWE  appears  to  be  incompatible  with  the  deflation  center 
defined  by  level  data  and  vectors  for  other  tilt  sites.  This  incom- 
patibility demonstrates  that  during  the  second  half  of  1972 
Uwekahuna  tik  changes  were  not  representative  of  Kilauea  summit 
as  a whole.  The  trilateration  data  for  the  same  period  also  yield  a 
pattern  of  horizontal  ground  displacements  that,  despite  being  locally 
aberrant,  can  be  reconciled  with  a model  of  complex  net  deflation 
(fig.  16.40CX 

Comparing  the  surveys  bracketing  the  entire  period  from  mid- 
January  to  mid-December  1972  accumulates  the  effects  of  small 
changes  and  resuks  in  a coherent  pattern  of  net  deflation;  the 
secondary  low  in  the  Pauahi-Mauna  Ulu  area  is  also  reasonably 
defined  (fig.  I6.40DX  The  azimuth  of  the  tilt  vector  for  UWE, 
however,  still  appears  anomalous  with  respect  to  the  well-defined 
deflation  center  south  of  Halemaumau. 

A weak  trend  of  net  deflation  through  April  1973  was 
expressed  by  both  east-west  and  north-south  components  of 
Uwekahuna  tik  and  the  summit  EDM  lines  (figs.  16.37,  16.39). 
Remeasurement  of  the  summit  tik  network  during  mid-March  1973 
yielded  tik  vectors  of  about  1 5 prad  or  less  relative  to  the  previous 
survey  in  mid  December  1972;  these  small  changes  yield  a diffuse 
pattern  (not  shown)  similar  to  those  obtained  during  1972. 

Collectively,  these  data  demonstrate  the  difficuky  in  making  an 
internally  consistent  interpretation  of  ground  displacements  during  a 
period  dominated  by  quasi-steady-statr  eruptive  activity  and  attend- 
ant subsurface  magma  transfer.  In  the  absence  of  major  shifts  of 
magma  from  summit  to  rift,  the  geodetic  response  of  the  ground 
surface  to  small  changes  affecting  the  volcanic  conduit  system  is 
apparently  influenced  by  independent  adjustments  to  local  stresses. 
In  addition,  the  Uwekahuna  tilt  changes,  especially  during 
June- December  1972,  seem  aberrant  and  permit  interpretations 
incompatible  with  deformation  patterns  derived  from  tik,  level,  and 
trilateration  surveys. 

The  April  1973  Honomu  earthquake,  which  perhaps  caused 
or  accelerated  the  termination  of  the  quasi-steady-slate  activity, 
seemingly  produced  only  minor  dislocations  of  the  volcanos  surface. 
Other  than  the  18-prad  earthquake-induced  offset  of  the 
Uwekahuna  tikmeter  (fig.  16.37)  and  a 2 -cm  dilation  of  a crack  at 
the  rim  of  Mauna  Ulu  crater  (Tilling,  1976a,  fig.  3)  no  data  oust  to 


suggest  other  measurable  geodetic  response  to  the  April  26  main 
shock  and  the  57  located  aftershocks. 

MAY-NOVEMBER  1973:  NET  SUMMIT  INFLATION  AND 
CHANGE  IN  ERUPTIVE  MODE 

The  May-November  1973  period  was  characterized  by 
substantial  net  inflation  at  Uwekahuna  ( + 30  prad)  and  encom- 
passed the  short-lived  outbreaks  at  Pauahi-Hiiaka  in  May  and  at 
Pauahi  in  November,  as  well  the  partial  draining  of  Mauna  Ulu  lava 
lake  on  June  9. 

The  May  5 Pauahi-Hiiaka  eruption  was  accompanied  by 
deflation  of  about  20  prad  at  Uwekahuna.  Posteruption  ground- 
deformation  surveys  (table  16.4)  yield  a pattern  typical  for  Kiiauean 
cast-rift  eruptions  or  intrusions  (for  example,  Jackson  and  others, 
1975,  figs.  13,  32;  Swanson  and  others,  1976a,  fig.  20):  a distinct 
deflation  at  the  summit  coupled  with  uplift  and  associated  local 
collapse  at  the  eruption  site  (fig.  16. 4 1 A)  The  level  data  indicate 
maximum  subsidence  of  209  mm  centered  southeast  of  Halemaumau, 
slightly  north  of  the  center  of  inflation  during  the  quasi-steady-state 
activity  of  1972.  The  May  5 eruption  was  accompanied  by 
intrusion  in  the  Pauahi-Hiiaka  area  and  into  the  Koae  fault  system, 
resulting  in  maximum  measured  uplift  as  great  as  1 1 7 mm.  Geodetic 
I control  is  not  good,  but  contours  of  equal  vertical  displacement  can 
1 be  drawn  that  reflect  dike  intrusion  into  the  Koae  fault  system 
indicated  by  seismicity  (Koyanagi  and  others,  1973).  Within  the 
uplifted  area,  graben-like  collapse  occurred  along  existing  and  new 
| cracks  in  the  vicinity  of  the  eruptive  fissures  and  resuked  in  vertical 
displacements  as  great  as  250  mm  (fig.  1 6.4 1 A)  Some  ground 
* cracks  widened  by  as  much  as  0.5  m. 

The  resuks  of  tilt  and  trilateration  surveys  are  consistent  with 
the  deformation  pattern  derived  from  the  level  data  (figs.  1 6.41  A, 
6)  The  tilts  associated  with  the  May  5 eruption  are  an  order  of 
magnitude  greater  than  those  recorded  during  1972.  The  large 
horizontal  displacements  near  Pauahi  and  Hiiaka  reflect  distension 
related  to  eruptive  fissures  and  inferred  intrusion  into  the  Koae  fault 
system  (fig.  16.416)  However,  the  displacement  vectors  for 
benchmarks  in  the  western  part  of  the  network,  which  are  far 
removed  from  the  sites  of  eruption  and  intrusion,  appear  anomalous 
and  are  not  understood  at  present. 

The  summit  reinflated  rapidly  following  the  May  5 eruption, 
and  by  early  June  the  Uwekahuna  tilt  had  essentialy  recovered  from 
| its  20- prad  deflation.  This  rapid  inflation  is  well  shown  by  tilt 
surveys,  which  indicate  a broad  area  of  uplift  east  and  south  of 
Halemaumau  (fig.  16.41  CX  Tilt  site  Escape  Road  No.  2 (fig. 

, 16.41  CX  however,  shows  downtiking  toward  the  eruption  area; 
I apparently  this  site  had  not  fully  recovered  from  the  localized 
collapse  and  ground  cracking  of  the  May  5 eruption  (figs.  1 6.41  A, 
6X  A few  horizontal  displacements  (not  shown)  obtained  from 
; partial  reoccupation  of  the  trilateration  network  arc  compatible  with 
the  summit -inflation  pattern  defined  by  the  tilt. 

Partial  draining  of  Mauna  Ulu  lava  lake  and  related  minor 
intrusion  on  June  9 were  marked  by  a deflation  of  7 prad  at 
' Uwekahuna.  The  two  tilt  surveys  that  bracket  this  event  (table 
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scale  in  microradians;  arrow 
points  downtilt 

Bench  mark 

Tilt- measurement  station 


10 
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FIGURE  16.3ft.  — Remits  of  level  and  uk  surveys  on  Kihusea  before  and  during  first  two  months  of  the  1972-74  Maura  Ulu  eruption.  Vector  UWE  (red)  calculated  from 
east-west  and  north south  components  of  Uwekahuna  till.  Contours  of  Irvel  data  referenced  to  bench  mark  1 1 VO  23,  assumed  to  be  stable.  A.  Well-defined  pre-eruption 
inflation  between  November  1971  and  January  1972  Inflation  center  defined  for  this  2 monlh  penod  is  virtually  comodenl  with  that  obtained  by  Duffceid  and  others 
( 1 9ft  2.  fig  10)  for  the  4-month  per  sod  building  toward  the  1972-1974  Mauna  Ulu  eruption.  B.  Tilt  for  periods  spanning  the  final  month  of  preemption  inflation 
(dashed  vectors)  and  first  days  of  the  eruption  brginmng  on  February  3.  1972  (sobd  vectors)  Survey  period  bracketing  the  start  of  eruption  involved  no  net  change  m 
L wrkahuna  Uh  (see  test  l CV  I sit  vectors  lift  ween  February  7-9  and  February  22-25,  1972,  an  interval  with  only  about  1 I murroraduns  net  change  in  Uwekahuna 
till  f apparent  inflation)  D,  Tilt  vectors  between  February  22-25  and  March  7-9,  1972;  net  change  m Uwekahuna  tih  was  about  -9  uucroradians  (apparent 
deflation)  consistent  with  deflation  indicated  by  vectors. 
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Figure  16. 19,  — Variation*  of  dutanm  withm  thr  summit  (.DM  monitor  belwmi  May  1969  and  January  1975;  location*  of  lum  are  shown  in  figure  16.  56.  Cumulative 
extern**)  Male  (in  centimeter*)  k arbitrary.  Frequent  meaxurement*  delected  small  deflation*  in  February  and  March  1972  related  to  overflows  from  Mauna  Ulu  and 
opening  of  new  vents,  respectively.  Dotted  part*  of  the  curve*  for  the  1973-74  period  ihow  probable  variation*  if  more  frequent  measurement*  bad  been  made 
Frequency  of  measurement  during  1969-71  was  about  same  a*  during  1972-73  (tee  Swamon  and  cither*.  1979.  fig  2.  Dufheld  and  other*,  1982,  fig.  2)  but  not  all 
data  plotted  here 


16.4)  yielded  a diffuse  net  inflation  pattern  similar  in  shape  but  of 
slightly  smaller  magnitude  lo  that  obtained  for  the  preceding  survey 
period  (see  hgs.  1 6. 4 1C,  l)\  Measurable  geodetic  response  to  the 


events  of  June  9.  if  any,  apparently  was  largely  masked  by  the  net 
inflation  and  continued  localized  adjustments  to  the  May  3 eruption 
that  prevailed  during  May  and  June. 
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llie  reoccupation  of  all  summit  deformation  networks  begin- 
ning in  mid -September  provided  data  documenting  the  complex 
reinflation  process  following  the  May  5 eruption.  Level  and  tilt  data 
suggest  a very  broad  zone  of  posteruption  uplift,  including  the 
southeastern  sector  of  the  caldera  and  the  upper  part  of  the  east  rift 
zone  (fig.  I6.42AX  The  maximum  vertical  displacements  occurred 
adjacent  to  the  periphery  of  the  eruption  site  on  the  north  and 
southeast.  Phe  area  of  least  vertical  displacement  coincides  with  the 
eruption  site,  indicating  incomplete  recovery  from  the  localized 
collapse  associated  with  the  eruption  (compare  figs.  16.41  and 
I6.42X  The  pattern  of  horizontal  ground  displacements  for  the  same 
survey  period  (fig.  16.4 2B)  is  expectedly  complex  but  reasonably 
compatible  with  that  derived  from  ground  tilt  and  level  data. 

Net  inflation  dunng  the  May-October  1973  period  was 
ended  by  the  eruption  at  Pauahi  on  November  10  and  the  associated 
Uwekahuna  deflation  of  about  21  p.rad.  All  summit  deformation 
networks  were  reoccupicd  in  mid-November  (table  I6.4X  when 
weak  vent  activity  was  continuing  within  Pauahi  Crater.  The 
previous  reoccupation  was  completed  on  October  3,  which  was 
dunng  the  inflation  (fig.  I6.37X  The  differences  between  the  surveys 
therefore  record  only  about  25  percent  of  the  total  Uwekahuna 
deflation:  the  maximum  measured  subsidence  in  the  summit  deflation 
area  barely  exceeded  40  mm  at  two  distinct  centers  (fig.  16.420 
Otherwise,  the  deformation  pattern  accompanying  the  November 
eruption — weak  summit  deflation  coupled  with  stronger  uplift  and 
associated  local  collapse  at  the  eruption  site — closely  resembles  that 
for  the  May  1973  Pauahi- Hiiaka  outbreak  (see  figs.  16.41 , 16.42). 
As  in  May,  the  results  of  the  level,  tilt,  and  trilateration  surveys 
bracketing  the  November  eruption  are  mutually  consistent. 

Rapid  reinflation  of  the  summit  began  as  soon  as  the  peak 
eruptive  activity  of  November  10-11  had  dwindled  to  weak  vent 
activity  that  persisted  for  nearly  a month.  This  inflation  was 
expressed  by  a tilt  survey  in  mid-December,  which  shows  a relatively 
well  defined  inflation  center  east  of  Halemaumau,  as  well  as  local  tilt 
changes  presumably  reflecting  weak  vent  activity  in  December  (fig. 

I6.42DX 


DECEMBER  1975-JULY  1974:  RETURN  TO  QUASI  STEADY 
STATE  REGIME  AND  DEPARTURE  FROM  1972-73  ERUPTIVE 
BEHAVIOR 

Kilauea  apparently  returned  to  quasi -steady-state  activity  in 
December,  following  rapid  recovery  from  the  November  10  out- 
break at  Pauahi.  This  is  inferred  from  variations  in  Uwekahuna  tilt, 
which  showed  little  net  change  for  the  December  1 973—  July  1974 
period,  even  though  the  tilt  oscillations  were  larger  than  those  in  the 
quasi-steady-state  period  in  1972-73.  The  existence  at  this  time  of 
a highly  efficient  hydraulic  connection  between  the  summit  reservoir 
and  Mauna  Ulu  is  illustrated  by  the  close  correlation  between  minor 
variations  in  summit  tilt  and  visible  activity  during  the  eruptive 
episodes,  especially  the  well-documented  episodes  during  Janu- 
ary-February  1974  (fig.  16.30).  However,  because  of  inclement 
weather  and  instrument  breakdown,  few  deformation  surveys  were 


I conducted  during  1974,  and  we  do  not  know  whether  slight  shifts 
| from  equilibrium  might  have  been  detected  by  more  frequent 
; remeasurements. 

The  tilt  network  was  remeasured  in  January  1974  and  again  in 
March  (table  I6.4X  Deviations  in  Uwekahuna  tih  were  small  (no 
more  than  5 p.radX  and  the  survey  periods  were  prolonged  by  bad 
weather  and  instrument  problems;  the  results  obtained  do  not  permit 
good  definition  of  patterns.  Nonetheless,  tilt  vectors  for  the 
December  1973-January  1974  period  can  be  interpreted  as 
indicating  weak  deflation,  and  those  for  the  January— March  1974 
survey,  as  slight  inflation  (patterns  not  shown X For  both  survey 
periods  the  measured  tilts  were  15  prad  or  less,  and  most  of  the 
larger  values  were  at  sites  near  Hiiaka  and  Pauahi,  probably 
because  of  continuing  adjustments  to  the  November- December 
Pauahi  eruption,  or  possibly  reflecting  the  influence  of  the  eruptive 
activity  at  Mauna  Ulu  itself. 

The  level  and  trilateration  networks  in  the  summit  area  were 
reoccupied  in  early  April  (table  I6.4X  The  lcvd  data  indicate 
summit  inflation  (fig.  1 6. 43 AX  consistent  with  the  net  tilt  change  at 
Uwekahuna  of  about  4-  5 prad  for  the  period  November 
1973-April  1974.  Residual  effects  of  local  uplift  and  associated 
collapse  during  November- December  1973  were  still  evident  in 
April  near  Hiuahi.  The  location  of  the  inflation  center,  about  I km 
northeast  of  Halemaumau  indicates  a substantial  northward  shift 
from  the  pre-eruption  inflation  center  and  the  net  1972  deflation 
center  (fig.  I6.43AX  The  deformation  pattern  (not  shown)  obtained 
from  the  trilateration  data  is  not  diagnostic,  but  it  is  compatible  with 
that  shown  in  figure  I6.43A.  No  tilt-survey  data  exist  for  April 
1974  for  comparison  with  level  and  trilateration  measurements. 
However,  tilt  vectors  for  the  period  between  November  1 973- May 
1974  also  indicate  net  inflation  wrilh  a center  northeast  of 
Halemaumau  (fig.  I6.43SX 

Dvorak  and  others  (1983.  table  2,  fig.  3)  used  a least-squares 
inversion  technique  and  a point-source  elastic  model  to  analyze  the 
surface  displacements  for  the  November  1973-April  1974  period. 
They  found  that:  (1)  the  inflation  centers  determined  separately  for 
level  and  trilateration  data  coincide  reasonably  well;  and  (2)  the 
model  depth  to  the  point  source  (summit  magma  reservoir)  ranges 
from  2.2  to  2.6  km.  depending  on  whether  level  data,  trilateration 
data,  or  both  are  used. 

Following  the  July  19-22  summit  eruption,  which  terminated 
the  1972-74  Mauna  Ulu  eruption  on  the  east  rift,  geodetic  surveys 
were  run  in  late  July  (figs.  I6.43C,  D\  Their  results  reflect  the 
prolonged  inflation  that  preceded  the  July  summit  eruption  but  are 
complicated  by  the  15-prad  deflation  at  Uwekahuna  that  accom- 
panied the  eruption  (Peterson  and  others,  I976X  Level  and  tilt 
surveys  were  not  completed  until  July  31  and  thus  bracketed  part  of 
the  summit  reinflation.  As  is  typical  of  Kilauea  summit  eruptions,  the 
area  of  maximum  displacement  coincided  with  the  loci  of  eruptive 
fissures  in  the  southeastern  part  of  the  caldera  and  in  and  near 
Keanakakoi  and  Lua  Manu  Craters  (figs.  I6.43C,  D\  The 
complex  arra  of  weak  subsidence  along  the  east  rift  zone  between 
Hiiaka  and  Mauna  Ulu  reflects  Lingering  effects  of  the  November 
! 1973  Pauahi  eruption. 
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A Lev«l  cbnngt*  January  17 
to  Juna  13.  1972 
Ground  tilt  January  26 
to  Juna  8.  1972 
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contours  in  millimeters 


Ground  tilt  for  indicated  period, 
scale  in  microradians,  arrow 
points  downtilt 


Tilt-measurement  station 


Decern  bar  13,  1972 
Ground  tilt  June  5 to 
December  11.  1972 
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FIGURE  16  40  — Knulu  of  level,  till.  and  tnlateratsoci  surveys  dunriK  1972.  Vector  UWE  (red)  calculated  from  cait-wrsl  and  north-south  components  of  Uwekahuna  till. 
Contours  of  level  data  referenced  lo  bench  mark  HVO  23.  assumed  to  be  stable.  A,  Changes  tn  elevation  and  lilt  be l ween  January  and  June  1972;  note  change  m vector 
scale  from  figures  16  38 B-D  B.  Changes  in  elevation  and  till  between  June  and  December  1972.  showing  a weak  but  relatively  well-defined  pattern  of  net  deflation: 
azimuth  of  sector  UWE  appears  anomalous  C.  Horizontal  displacement*  from  tnlateraison  surveys  of  KUauea  summit  between  June  and  December  1972.  Displacement 
vectors  determined  by  reference  lo  assumed  stable  bench  marks  on  sraitheastem  flank  of  Mauna  Loa Volcano  (see  KmosJuta  and  others,  1974)  D,  Changes  m elevation 
and  tilt  between  January  and  December  1972.  Combining  the  two  susvey  periods  shown  un  A and  ft  yields  a coherent  deflation  pattern,  the  azimuth  of  vector  UWE  is  still 
anomalous  Note  secondary  area  of  subsidence  in  Pauahi  Mauna  Uhi  area. 


Digitized  by  Google 


16.  THE  1972-1974  MAUNA  UUU  ERUPTION.  KILAUEA  VOLCANO 


453 


1 55*70' 

C Horizontal  displacements 
June  5 to  December  29, 
1972 


156°  16' 


155*1 2 1 


19° 

24' 


0 10  20  30 

CENTIMETERS 


O 


•9"  L 

20' 


EXPLANATION 

Level  change  for  indicated  period, 
contours  in  millimeters 


Center  of  inflation,  late  November 
1971  to  late  January  1972 


Ground  tilt  for  indicated  period, 
scale  in  microradians;  arrow 
points  downtilt 
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L_  _ L I Horizontal  displacement  by 

trileteretion  for  indicated  period, 
scale  in  centimeters 

• Bench  mark 
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FIGURE  16.40.  — Continued- 
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FniUKfc  16.41. — Results  of  level,  tilt,  and  trilateral  too  survey*  front  December  1972  to  June  1973.  Vector  UWE  (red)  calculated  from  east-west  and  north  south 
components  of  Gwefcahuna  tilt , Contours  of  level  data  referenced  to  bench  mart  HVO  23,  assumed  to  be  stable  A.  Changes  in  elevation  and  till  between  December 
1972  and  May  1973.  sheaving  the  effect  of  the  May  5 Pauahi-Hiwika  eruption  and  intrusion  into  eastern  end  of  the  Koae  fault  system  (see  text  for  diacusuonX  Magnitude 
of  till  vectors  and  mlttal  displacements  considerably  larger  than  those  in  1972  (compare  with  figs.  16.38  and  16.401  B.  Horizontal  displacements  from  tx  liberation 
surveys  between  December  1972  and  May  1973.  Also  shown  are  areas  of  localized  subsidence  and  uphff  determined  from  level  data  (see  A).  C.  Changes  m tilt  between 
May  7 and  June  I.  1973,  showing  relatively  small  changes  (note  rhange  in  vector  scale  from  A)  that  generally  reflect  summit  inflation  following  May  5 eruption.  Till  in 
Pauahi-Huaka  area  reflect*  local  adjustments  (see  text!  D.  Changes  in  tih  between  May  21  and  June  28,  1973;  this  period  includes  the  June  9 partial  draining  of  the  lava 
lake  at  Mauna  Uhl.  Effect  of  partial  draining  and  associated  intrusion  n apparently  masked  by  net  inflation.  Note  change  in  vector  scale  from  A and  C. 
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Localized  subsidence  and  uplift 
indicated  by  level  changes,  a 
shown  in  figure  16.41  A 
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EXPLANATION 

Laval  change  for  indicated  period, 
contours  in  millimeters 


Center  of  inflation,  late  November 
1971  to  late  January  1972 
(figure  16  38X| 


Ground  tilt  for  indicated  period, 
scale  in  microradians;  arrow 
points  downtilt 

Horizontal  displacement  by 
trileterstion  for  indicated  period, 
scale  in  centimeters 

Bench  mark 


Tilt-measurement  station 


Fissures  of  May  5,  1973.  eruption 
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FIGURE.  16.42.  — Result*  of  level,  till,  and  tnlateralon  surveys  from  May  to  December  1973.  Vector  UWE  (red)  calculated  from  east-west  and  north-south  components  of 
Lwrkahuna  tilt.  Contours  of  level  data  referenced  to  bench  mark  HVO  23.  assumed  to  be  stable.  A.  Changes  m elevation  and  tilt  between  May  and  September  1973. 
Effects  of  May  5 eruption  and  intrusion  still  evident.  Elongate  uplifted  area  shifted  northward  from  previous  inflation  and  deflation  centers.  B.  Horizontal  displacements 
from  tnlateralmn  survey*  between  May  and  December  1973.  Changes  are  relatively  small  and  resulting  pattern  diffuse;  bench  marks  in  dotted  circle*  show  northerly 
vectors  that  are  masked  by  plot  symbols  (triangles  1 C.  Changes  in  elevation  and  till  between  September  and  November  1973.  showing  deformation  associated  with 
November  10-11  eruption  at  Pauahi.  Deformation  pattern  generally  similar  to  that  for  the  May  5 eruption  and  uthet  eruptions  in  Kilaueat  upper  east -rift  zone  (ice  tail 
D,  Changes  m till  between  November  and  December  1973,  reflecting  summit  inflation  following  the  November  10-11  Pauahi  eruption,  which  persisted  feebly  until 
December  9. 
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EXPLANATION 


Level  change  for  indicated  period, 
contours  in  millimeters 


Ground  tilt  for  indicated  period, 
scale  in  microradians;  arrow 
points  downtilt 


Bench  mark 


Titt-measurement  station 


Fissures  of  November  10-11,  1973, 
eruption 
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Figure  16.42. — Contented. 
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EXPLANATION 

Level  change  for  indicated  period, 
contours  in  millimeters 


Center  of  inflation,  late  November 
1971  to  late  January  1972 
{figure  16  381 

Area  of  deflation  for  the  period 
mid-January  to  mid-  December 
1972  (f.gure  16  40DI 


Center  of  inflation  inferred  from 
ground  tilt,  November  11.  1973  to 
May  30,  1974 


Center  of  inflation  inferred  from 
level  change,  November  13, 
1973  to  Apnl  5,  1974 
(figure  16.43 A > 

Ground  tilt  for  indicated  p«r*od, 
scale  in  microradians;  arrow 
points  downtilt 

Bench  mark 

Tilt-measurement  station 

Fissures  of  November  10-11.  1973, 
eruption 
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FlGURF.  16.43.  — Results  of  Irvcl,  tilt,  and  trilateral >nn  survey*  from  November  1973  to  July  1974.  Vector  UWE  (red)  calculated  from  east-west  and  north-south 
components  of  Lwekahuna  lilt.  Contours  of  level  data  referenced  to  bench  mark  HVG  23.  assumed  to  be  stable.  A.  Changes  in  elevation  between  November  1973  and 
April  1974  Pattern  of  vertical  displacements  is  c umpire  and  shows:  (a)  wrll  defined  inflation  center  near  northern  end  of  uplifted  area  shown  in  figure  16  42A,  (b)  area  of 
greater  uplift  north  of  Pauah)  that  perhaps  reflects  continued  adjustments  lo  November  - December  eruption:  and  (c)  subsidence  at  and  east  of  Psuahi,  as  well  as  m the 
eastern  part  of  the  Koae  fault  system.  No  corresponding  data  from  tilt  surveys  available,  but  see  B.  azimuth  of  vector  UWE  appears  anomalous.  B.  Tilt  vector*  between 
November  1973  and  May  1974  Broad  inflation  center  corresponds  well  with  previous  centers  determined  from  level  data  (see  tigs.  16.41,  16.42k  Vector  UWE  is 
incompatible  with  radial  pattern  of  vectors  from  tilt  surveys.  C,  C hanges  in  elevation  and  tJt  between  March  and  July  1974,  the  period  that  includes  the  July  19-22 
summit  eruption  and  the  end  u f the  1972-74  Mauna  Ulu  eruption  on  July  22.  Well -defined  uplift  area  coincides  with  active  fissure*  of  eruption  in  southern  part  of  caldera 
near  Kranakakoc  and  l u.»  Manu  Craters.  Bench  mark  at  nm  of  Lua  Manu  (shown  in  rrdl  collapsed  about  2 m ami  not  considered  in  contouring  of  the  level  data  D 
Horunntal  displacements  from  trilateral**!  surveys  between  Match  and  July  1 974  Displacement  vectors  point  away  from  the  eruptive  h Mures 
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EXPLANATION 

Level  change  lor  indicated  period, 
contours  in  millimeters 


Ground  tilt  for  indicated  period, 
scale  in  microradians;  arrows 
point  downtitt 

Horizontal  displacement  by 
trilateration  for  indicated  period, 
scale  in  centimeters 

Bench  mark 

Tilt-measurement  Station 

Fissures  of  July  19-22.  1974, 
eruption 
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FlCUHK  16.44.  - Numbrri  erf  carlhquakn  hi  summit  un  (shallow  and  crustal  depth  A upper  east  nit  rone,  and  southwest  nit  zone  orf  Krfaoea  from  May  1969  lo  January 
1975.  All  rvrnts  are  counted,  whether  or  not  their  hypoc enters  are  well  determined;  counts  lor  the  southwest  rift  earthquakes  include  those  m the  Kaotiu  fault  system. 


VARIATION  IN  SEISMICITY 

Tabulations  of  earthquake  counts  and  located  events  for 
1972-74.  as  well  as  descriptions  of  the  seismic  network  and 
instruments,  have  been  published  in  summary  form  (Hawaiian 
Volcano  Observatory,  1977a,  1977b,  1977c.  I977d,  1977c. 


I977f.  I977g,  I977h,  1978).  Some  aspects  of  seismic  activity 
during  the  1972-74  period  were  discussed  elsewhere  (Koyanagi 
and  others,  1973;  Tilling  and  others,  1975;  Koyanagi  and  others, 
1976a,  1976b;  Kllsworth  and  Koyanagi,  1977;  Unger  and  Ward, 
1979;  and  Aki  and  Koyanagi,  1981  )i  We  present  in  this  paper  a 
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Figure  16.45.  — Cumulative  number*  of  earthquake*  with  well  determined  hypoc enters,  magnitude  1 or  grralrr,  at  KiLauea  from  January  1969  to  June  1974  A.  Subcrust.il 
earthquake*  (reference  area:  iat  19*11'  to  19*33'  N. , long  1 54*46'  to  I 55l'20‘  W. X Dashed  line  u extrapolation  of  slope  for  period  before  aniet  af  1972-74  Mauna 
Ulu  eruption.  B,  Earthquake*  of  crustal  depth  (reference  area:  same  as  for  subcnutal  earthquakes)  and  shallow  earthquakes  in  the  summit  area  and  east  rift  tone 

(reference  areas:  Ut  1*23'  to  19"27'  N..  long  155  13'  to  I55UI9'  W.  and  lal  19*20*  to  19*23*  N-*  long  155*06'  to  155*15'  W..  respect.wfyl  Dashed  kne  » 
extrapolation  of  slope  of  crustal -earthquake  plot  for  pre-emption  net  summit  inflation  beginning  in  mid-June  1971  (hg.  16.37);  slope  decreases  after  onset  of  1972-74 
eruption  and  then  i*  similar  to  that  during  the  1969-71  Mauna  Ulu  eruption. 


brief  overview  of  the  variation  in  seismicity  (figs.  16.44-16.46) 
within  the  framework  of  the  chronological  narrative  of  volcanic 
activity.  Systematic,  more  quantitative  studies  of  the  seismicity 
associated  with  the  1972-74  Mauna  Ulu  eruption  arc  pending. 


SEISMICITY  BEFORE  AND  AFTER  THE  1972-74  MAUNA  ULU 
ERUKHON 

Seismicity  during  the  1972-74  Mauna  Ulu  eruption  was 
moderate  relative  to  that  of  the  preceding  and  subsequent  periods. 
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FKjIJKF  1b  4b  -\  an.tr MKT  in  wsmicity  during  1972  1974  Mauna  Uhl  CTiiptoon.  Data  also  shown  al  smaller  scale  m hgure  16.44.  Significant  changes  m eruptive  activity 

ciw  relate  with  mcreaved  seiHiuoty  Shallow  summit  area  earthquakes  (or  ihe  period  January  to  March  1974  are  shown  *i  greater  detail  m figure  16.30. 


Occurrence  of  long  period  earthquakes  al  crustal  depths  (5-13  km) 
beneath  Kilaueas  summit  became  more  frequent  beginning  in  June 

1971  (figs.  16.44,  I6.45&X  at  about  the  same  time  as  summit 
inflation.  The  generally  reduced  level  of  seismicity  during  the 

1972  74  Mauna  Ulu  eruption,  particularly  of  shallow  (short- 


period)  summit  and  east-nfl  earthquakes  (depth  less  than  5 km),  is 
especially  evident  during  the  first  period  of  quasi- steady -stale 
activity  during  February  1972-Apnl  1973.  Moreover,  tbe  occur- 
rence of  deeper  Kilauea  earthquakes  (13-50  km)  during  the 
1972-74  Mauna  Ulu  eruption  decreased,  as  compared  with  that 
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during  the  l%9-7l  Maun  a Ulu  eruption  (fig.  I6.44A). 

As  commonly  observed  at  Kilauea.  variations  in  the  number  of 
shallow  summit  earthquakes  correlate  closely  with  variations  in  tilt 
measured  at  Uwekahuna  (see  figs.  16.4,  16.37,  16.44-16.46). 
This  correlation  ts  well  exhibited  during  the  June  1 97 1 -January 
1972  period,  when  the  1969-  71  Mauna  Ulu  eruption  gradually 

ended  and  the  summit  inflated  in  response  to  increased  storage  of 
magma  m the  summit  reservoir  (Duffield  and  others,  1982).  A 
similar  correlation  exists  between  net  inflation  and  incidence  of 
upper-east-nft  earthquakes  during  this  period,  implying  periodic 
leakage  of  magma  into  the  rift  zone  as  the  stressed  summit  reservoir 
failed  repeatedly  during  reestablishment  of  the  magma  conduit 
system  leading  to  Mauna  Ulu.  Within  this  context,  the  August  1971 
summit  eruption  and  the  September  1971  southwest-rift  eruption 
may  be  considered  as  massive  and  rather  abrupt  leakages  by  surface 
venting,  inasmuch  as  the  strong  net  summit  inflation  was  only  briefly 
interrupted  by  these  events  (Duffield  and  others,  1 962 X 

SEISMICITY  DURING  THE  ERUPTION 

Sporadic  bursts  of  low-level  harmonic  tremor  in  the  summit 
region  and  upper  east  rift  were  recorded  throughout  the  September 
1 97 1 -January  1972  period  of  summit  inflation.  However,  tremor 
increased  m amplitude  and  became  sustained  in  the  early  morning  of 
February  4,  1972,  only  a day  after  the  start  of  renewed  eruption  at 
Mauna  Ulu.  Within  the  n«xt  two  days,  as  the  new  lava  lake  rose 
rapidly  and  vent  activity  increased,  the  numbers  of  shallow  summit 
and  upper-east -rift  earthquakes  decreased  dramatically  and  there- 
after remained  low  through  April  1973  (fig.  16.46).  This  prolonged 
period  of  low  seismicity  implies  the  existence  of  a highly  efficient  and 
open  system  of  magma  transfer  between  the  summit  reservoir  and  the  , 
eruption  site.  We  interpret  the  gradual  net  decline  of  shallow  summit 
earthquakes  during  this  period  as  reflecting  a progressive  improve- 
ment in  the  ability  of  the  conduit  system  to  transfer  magma  freely. 
Most  of  the  conspicuous  departures  from  the  prevailing  background 
of  low  seismicity  can  be  correlated  with  changes  in  eruptive  and 
associated  activity  and  are  so  annotated  in  figure  16.46.  Perhaps  the 
most  notable  seismic  events  in  1972,  however,  were  those  associated 
with  the  continuous  lava  inflow  into  Makaopuhi  in  June- July  and 
with  the  intense  rockfall  activity  at  Makaopuhi  in  August  (Tilling 
and  others,  1975),  rather  than  with  vent  activity  at  Mauna  Ulu  or 
Alae. 

An  abrupt  change  in  the  magma-transfer  regime,  beginning  m 
early  May  1973,  is  clearly  reflected  m a seismic  signature  that  that  is 
distinct  from  that  for  the  previous  15  months  (figs.  16.44,  16.46). 
We  correlate  this  change  with  obstruction  of  the  magma  transfer 
conduit  caused  by  the  April  26,  1973,  Honomu  earthquake, 
although  we  concede  that  their  coincidence  in  timing  could  be 
fortuitous.  Whatever  the  cause,  the  changed  magma  regime  was 
expressed  initially  by  an  immediate  increase  in  the  number  of  shallow 
summit  earthquakes,  followed  by  increased  cast-rift  seismicity  in 
early  May  that  preceded  and  accompanied  the  May  5 draining  of 
Mauna  Ulu  and  Alae  lava  lakes,  the  Pauahi-Hiiaka  eruption,  and 
the  associated  intrusion  into  the  Koae  fault  system.  After  the 


eruption,  the  level  of  earthquake  activity  and  harmonic  tremor 
remained  high  until  the  early  morning  hours  of  May  6.  Most  of  the 
earthquakes  during  this  time  occurred  in  the  upper  cast  nft  zone  and 
in  the  middle  and  eastern  portions  of  the  Koae  fault  system,  with  a 
secondary  zone  of  seismicity  around  the  summit  caldera.  Weak 
tremor,  fluctuating  in  intensity,  continued  for  about  a week  after- 
ward. 

Lava  returned  to  Mauna  Ulus  crater  on  May  7 and  to  Alae 
on  May  30.  Alae  was  probably  entirely  tube  fed  from  Mauna  Ulu, 
although  local,  limited  feeding  by  dikes  could  also  have  occurred. 
The  posteruption  reinflation  and  related  increase  in  the  number  of 
shallow  summit  earthquakes  suggest  that  the  reestablished  link 
between  the  summit  reservoir  and  Mauna  Ulu  and  AJae  was  not  a 
good  conductor  of  magma.  Alternatively,  the  increase  in  seismicity 
may  reflect  adjustment  in  brittle  rock  of  the  summit  region  and  east 
nft  zone  during  reinflation  of  the  magma  reservoir.  After  May  5, 
both  the  east -rift  and  summit  seismicity  were  characterized  by  higher 
background  levels  than  previously  (fig.  16.46).  Ilie  partial  draining 
of  Mauna  Ulu  lava  lake  and  the  demise  of  the  Alae  vent  in  early 
June  are  not  clearly  recognizable  in  the  record  of  cast-rift  seismicity, 
though  they  arc  reflected  by  brief  deflation  at  Uwekahuna  and 
associated  slight  decrease  in  summit  seismicity.  The  next  significant 
increase  in  east-rift  seismicity  after  the  May  5 eruption  occurred  in 
late  July  1973  (fig.  I6.46X  when  collapse  of  the  Mauna  Ulu  Crater 
floor  triggered  a flurry  of  rockfalls. 

The  month-long  dramatic  increase  in  the  number  of  shallow 
summit  earthquakes  during  October  1973  was  the  most  noteworthy 
seismic  activity  since  late  1971  and  coincided  with  a penod  of  strong 
inflation.  The  heightened  seismicity  began  to  wane  in  late  October, 
when  renewed  vigorous  activity  in  the  rapidly  rising  Mauna  Ulu  lava 
lake  indicated  increased  cast-nft  magma  storage,  and  returned  to 
background  leveis  with  the  onset  of  the  overflow  from  Mauna  Ulu 
during  November  4-8.  Curiously,  the  cast-rift  seismicity  preceding 
and  accompanying  the  draining  of  Mauna  Ulu  lava  lake  and  the 
November  10  outbreak  at  Pauahi  was  relatively  weak  and  short- 
lived compared  to  that  for  similar  events  in  May  1973  (fig.  16.46). 
The  reappearance  of  Mauna  Ulu  lava  lake  on  December  13  was 
heralded  by  increased  local  harmonic  tremor,  but  otherwise  it  was 
not  expressed  seismic  ally,  either  at  the  summit  or  the  east  nft  zone. 

We  have  postulated  a period  of  quasi-steady-stale  activity  from 
December  1973  to  July  1974,  largely  on  the  basis  of  the  small  net 
change  in  Uwekahuna  tilt.  However,  we  have  shown  that  this  period 
differs  from  the  quasi -steady-state  period  of  February  1 972 -April 
1973  in  eruptive  style.  It  also  has  a different  seismic  signature, 
characterized  by  significantly  greater  vanation  in  the  number  of 
shallow  summit  earthquakes,  which  generally  can  be  correlated  with 
more  variable  oscillations  in  Uwekahuna  till.  The  variations  m both 
seismicity  and  Uwekahuna  till  dunng  the  final  8 months  of  the 
eruption  bear  a crude  resemblance  to  those  during  stages  2 and  3 
(January  1970-June  1971)  of  the  1969-71  Mauna  Ulu  eruption 
(fig.  16.44;  Swanson  and  others,  1979,  p|.  2X 

Tlie  irregular  increase  in  the  number  of  shallow-  summit  earth- 
quakes following  the  November  10.  1973,  Pauahi  outbreak  is 
inferred  to  reflect  increased  summit  storage,  even  while  the  conduit 
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system  between  the  summit  and  Mauna  Ulu  was  gradually  becoming 
more  open  and  efficient  in  magma  transfer.  By  mid-January  1974, 
the  magma  pathway  between  the  summit  reservoir  and  Mauna  Ulu 
was  fully  reestablished,  as  evidenced  by  the  precise  correlation 
among  the  bursts  of  high  fountaming  and  overflows,  summit  seis- 
micity, and  minor  changes  in  Uwekahuna  tilt  during  the  five  closely 
spaced  eruptive  episodes  during  January- February  1974  (figs. 
16.30,  16.46;  table  16.3)  We  believe  that  such  an  exact  correlation 
can  be  achieved  only  if  the  magma  transfer  system  between  the 
summit  reservoir  and  Mauna  Ulu  is  fully  engorged  in  order  to 
maintain  hydraulic  equilibrium. 

Shallow  summit  earthquakes  typically  increased  in  number 
before  observed  eruptive  episodes  during  January -June  1974,  but 
summit  seismicity  dropped  abruptly  and  summit  deflation  began 
immediately  before  the  high  lava  fountaining  and  voluminous  over- 
flows of  the  eruptions.  As  the  summit  deflated  and  magma  moved  to 
the  eruption  site  during  most  such  episodes,  east-rift  seismicity 
increased  and  summit  seismicity  decreased,  in  a manner  like  that 
dunng  some  of  the  high-fountaining  events  in  stage  I of  the  1969-71 
Mauna  Ulu  eruption  (Swanson  and  others,  1979,  pi.  2)  and  the 
well -documented  example  of  summit  to  east  rift  magma  transfers 
during  April- August  1980  (Dzurisin  and  others.  1984,  fig.  4). 

VARIATION  IN  HARMONIC  TREMOR 

Al  Kilauea  and  well-monitored  volcanoes  elsewhere  in  the 
world,  harmonic  tremor  has  been  shown  to  be  linked  to  magma 
movement,  surficial  as  well  as  subterranean,  and  to  commonly 
precede  and  accompany  intrusions  and  eruptions  (Aki  and 
Koyanagi,  1901 X As  during  the  1969-71  Mauna  Ulu  eruption, 
shallow  harmonic  tremor  in  the  upper  east  rift  zone  and  summit  area 
occurred  at  varying  intensities  throughout  the  1972-74  Mauna  Ulu 
eruption.  Harmonic  tremor  typically  increased  in  intensity  and  (or) 
became  sustained  shortly  before  and  during  changes  in  loci  of 
energetic  vent  activity,  including  the  opening  of  new  vents.  When 
visible  activity  was  feeble  or  absent,  harmonic  tremor  typically  was 
more  sporadic  and  barely  detectable;  on  rare  occasions,  for  as  long 
as  a few  days,  tremor  decreased  to  levels  loo  low  to  be  discerned 
from  background  with  normal  gain  settings  of  the  seismic  instru- 
ments. 

Of  perhaps  greater  significance  is  the  increased  occurrence  of 
the  so-called  deep  harmonic  tremor  during  the  period  1969-75 
(Dzunsin  and  others,  1984)  Such  tremor  is  believed  to  originate  in 
Kilauea's  deep  magma  source  region  al  a depth  of  approximately 
40-30  km  and  to  reflect  the  production  and  ascent  of  magma 
supplying  Kilauea's  shallow  summit  reservoir.  A marked  increase  in 
the  amplitude  and  duration  of  recorded  deep  tremor  was  observed 
coincident  with  the  onset  of  the  1969—71  Mauna  Ulu  eruption. 

The  trend  of  increasing  deep  tremor  peaked  at  the  end  of 
1972,  but  occurrence  remained  much  above  average  through  1975 
(Dzurisin  and  others,  1984,  fig.  10)  We  suggest  that  the  period  of 
maximum  deep  tremor  correlates  with  the  February  1 972- April 
1973  period  of  quasi  steady  stale  activity  al  Mauna  Ulu.  However, 
the  increased  occurrence  m deep  tremor  apparently  was  not  accom- 
panied by  concomitant  increase  in  deep  or  crustal  earthquakes  at 


Kilauea  (fig.  1 6.45)  The  foci  of  Kilauea  crustal  earthquakes  (depth 
5-13  km)  are  interpreted  to  define  the  feeding  conduits  from  the 
deep  magma  source  region  to  the  shallow  summit  reservoir 
(Koyanagi  and  others,  1976a,  fig.  5)  Thus,  our  data  may  corrobo- 
rate the  speculation  of  Dzurisin  and  others  (1984,  p.  203)  that  “the 
rates  of  deep  magma  production  and  shallow  supply  to  Kilauea  may 
be  closely  linked”  and  that  “a  pulse  of  relatively  rapid  magma  supply 
during  1968-1975  may  have  been  responsible  for  the  sustained 
eruptions  a!  Mauna  Uhi  dunng  1969-1971  and  1972-1974."  We 
recognize,  however,  that  the  correlation  between  deep  tremor, 
magma  supply,  and  eruptive  activity  is  imperfect.  For  example,  the 
1 1967-68  Halemaumau  eruption  (Kinoshita  and  others,  1969)  had 
the  same  magma  supply  rate  as  the  1969-1971  Mauna  Ulu 
eruption  (Swanson,  1972)  but  there  was  little  associated  deep 
tremor  (Dzunsin  and  others,  1984,  fig.  10) 

SIGNIFICANCE  OF  THE  1972-74  MAUNA  ULU 
ERUPTION 

During  the  1969-71  eruption,  volcanic  shield  development 
was  greatest  during  periods  characterized  by  numerous  short - 
distance  and  short -duration  overflows  from  the  main  vents  at  Mauna 
Uhi.  Swanson  and  others  (1979,  fig.  6)  traced  in  detail  the  growth 
; of  Mauna  Ulu  shield,  whose  height  grew  at  an  average  rate  of  about 
6 m/mo  and  reached  80  m above  the  pre-eruption  ground  surface  by 
the  end  of  the  major  overflow  activity  in  July  1970.  At  Alae,  the 
complex  filling,  overflows,  and  draining  of  the  lava  lake  between 
February  1969  and  April  1971  resulted  in  net  accretion  of  29-40 
m of  lava  above  the  rim  of  buried  Alae  Crater  (Swanson  and 
Peterson,  1972,  fig.  2;  Swanson  and  others,  1972,  fig.  10) 
However,  when  activity  ended  in  1971,  the  altitude  of  the  lowest 
point  on  the  Alae  lake  surface,  which  rose  or  dropped  by  much  as 
1 9 m in  response  to  the  individual  episodes  of  filling  and  subsidence, 
was  determined  in  June  1971,  after  final  settling,  to  be  about  6 m 
higher  than  the  pre-1969  datum  (Swanson  and  Peterson,  1972. 
table  I) 

During  the  1972-74  eruption,  countless  overflows  from  vent 
C and  subsidiary  vents  at  Alae  again  filled  the  shallow  subsidence 
bowl  formed  in  1971,  and  they  accreted  approximately  another  60  m 
onto  the  complex  Alae  shield,  increasing  its  height  to  about  100  m 
above  the  pre-1969  datum  (the  pre-emption  southeast  rim  of  Alae 
Crater  at  915  m above  sea  level,  the  same  datum  used  by  Swanson 
and  Peterson,  1972) 

At  Mauna  Ulu,  the  shield  grew  only  slightly  and  irregularly 
from  many  small  overflows  during  February -March  1972  and 
again  during  early  November  1973.  Vigorous  growth  comparable 
to  that  during  1969-70  occurred  only  dunng  voluminous  but  short- 
lived eruptive  episodes  in  1974.  By  the  end  of  April  1974,  the 
height  of  the  Mauna  Ulu  shield  was  1 17  m above  the  pre-May  1969 
ground  surface  (datum  is  951  m above  sea  level,  the  same  as  used  by 
Swanson  and  others,  1979,  fig.  6)  and  its  width  increased  propor- 
tionately. The  final  and  most  voluminous  overflow  of  May  29— June 
2,  1974,  added  another  4 m to  the  summit  of  the  shield,  resulting  in 
its  maximum  height  of  121  m above  the  pre-May  1969  base  at  the 
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end  of  the  eruption.  The  May  1972  configuration  of  Mauna  Ulu 
and  Alae  shields  in  May  1972  and  of  a mound  filling  the  deep  west 
pit  of  Makaopuhi  Crater  is  schematically  shown  in  figure  16.13. 
This  configuration  essentially  persisted  throughout  the  1972-74 
Mauna  Ulu  eruption,  but  the  elevations  of  the  landfbrms  were 
modified  by  posteruplion  settling. 

A comparison  of  the  1963  1 :24,000  topographic  map  (based 
on  1954  aerial  photographs)  and  the  1981  topographic  map  (based 
on  1977  aerial  photographs)  shows  the  following  changes  associated 
with  the  1969-74  Mauna  Ulu  eruptions: 

( 1 ) The  summit  area  of  Mauna  Ulu  shield  in  1 977  is  about  1 1 1 
m above  the  pre  emption  ground  surface,  and  the  summit  crater  is 
deeper  than  30  m. 

(2)  The  site  of  buried  Aloi  Crater  is  well  expressed 
topographically  by  a crudely  circular  area  of  minor  subsidence  (not 
more  than  5 m)  on  the  west  Bank  of  Mauna  Uhi  shield. 

(3)  The  highest  areas  on  the  complex  Alae  shield,  which  rim 
the  small  collapse  pit  in  the  area  of  the  (former)  vent  C,  are  nearly 
90  m above  the  pre-1%9  datum.  The  subsidence  bowl  that  existed 
in  1971  is  still  reflected  by  a broad  area  of  subsidence  roughly 
coincident  with  the  deeper  compartment  of  the  buried  Alae  Crater. 

(4)  Benchmarks  not  buried  by  1969—74  flows  have  been 
raised  or  lowered  a few  meters,  presumably  in  response  to  complex 
ground  deformation  related  to  eruptions  during  the  period 
1954-1977,  principally  the  Mauna  Ulu  eruptions. 

(5)  Comparison  of  the  maximum  heights  attained  by  Mauna 
Ulu  and  Alae  during  the  eruption  (121m  and  100  m,  respectively  ) 
with  their  heights  in  1977,  as  indicated  by  the  1981  topographic 
map  (HI  m and  90  m,  respectively X demonstrates  posteruption 
settling  of  about  10  m. 

SUSTAINED  OVERFLOWS:  DEVELOPMENT  OF  LAVA-TUBE 
SYSTEMS 

The  1969-74  Mauna  Ulu  eruptions  afforded  the  opportunity, 
for  the  first  time  at  Kilauea,  to  study  the  formation  and  evolution  of 
lava  tubes  (see  Greeley,  1971,  1972;  Cruikshank  and  Wood,  1972; 
FVterson  and  Swanson,  1974;  Peterson,  I983X  Lava-tube  and 
related  flow  processes  have  been  described  in  detail  by  these 
geologists;  we  wish  here  only  to  outline  some  general  observations 
especially  pertinent  to  the  1972-74  eruption: 

This  paper  is  in  general  a sequel  to  the  study  by  Swanson  and 
others  (1979)  of  the  1969-71  Mauna  Ulu  eruption.  Indeed,  we 
have  presented  our  observations  and  inferences  on  the  1972-74 
Mauna  Ulu  eruption  in  a format  parallel  to  theirs  in  order  to 
emphasize  the  continuity  of  similar  eruptive  processes  and  to  facili- 
tate the  comparison  of  these  two  eruptions,  separated  by  about  V/i 
months  of  inactivity,  in  the  same  area  of  Kilauea  s east  rift  zone.  Not 
surprisingly,  much  of  Swanson  and  others’  (1979)  perception  of  the 
significance  of  the  1969-71  Mauna  Ulu  eruption  applies  also  to  the 
1972-74  eruption. 

LONG-LIVED  FLANK  ACTIVITY 

It  has  previously  been  noted  (Peterson  and  others,  1976; 


Swanson  and  others,  1979)  that  the  Mauna  Ulu  eruptions  were  the 
longest  nearly  continuous  rift  activity  at  Kilauea  in  historical  times 
(that  is,  since  about  A.D.  1750):  the  1 969—71  eruption  lasted  875 
days  and  the  1972-74  eruption  lasted  901  days.  Most  historical 
flank  eruptions  of  Kilauea  have  lasted  a few  weeks  at  most  and  more 
typically  a few  days  or  less.  Hie  Mauna  Ulu  eruptions  of  1969-74 
included  several  prolonged  periods  of  remarkably  continuous  lava- 
lake  activity,  previously  observed  only  at  Halcmaumau  within  the 
summit  caldera  during  the  19th  and  early  20th  centuries. 


CONTINUOUS  LAVA-LAKE  ACTIVITY 

Throughout  much  of  the  1972-74  Mauna  Ulu  eruption, 
active  lava  lakes  operated  within  the  summit  crater  of  Mauna  Ulu 
and  at  Alae.  Mauna  Ulu  lava  lake  was  apparently  fed  directly  by 
the  magma  conduit  leading  from  the  summit  reservoir,  whereas  Alae 
lava  lake  was  supplied  through  a very  efficient  tube  system  connected 
to  Mauna  Ulu.  Lake  circulation  patterns  and  persistent  vent  activity 
suggest  that  magma  from  Kilauea  summit  most  likely  entered  the 
Mauna  Ulu  system  at  an  intricately  branched  inlet  located  beneath 
the  area  between  vents  A and  B (fig.  I6.3X  The  magma  was 
directed  from  there  through  complex  branches  westward  to  feed 
Mauna  Ulu  lava  lake  and  eastward  to  supply  Alae  lake,  generally 
through  vent  C.  We  speculate  that  from  mid-March  1972  through 
April  1973,  eastward  shunting  of  lava  from  the  inlet  dominated  and 
resulted  in  vigorous  activity  at  or  near  Alae  and  relatively  sluggish 
activity  at  Mauna  Ulu  lava  lake.  The  tube  system  connecting 
Mauna  Ulu  and  Alae  never  fully  recovered  from  its  disruption  in 
early  May  1973,  and  vent  C at  Alae  was  severed  from  the  inlet  by 
early  June.  Magma  thereafter  was  shunted  westward  from  the  inlet 
area  to  feed  activity  at  Mauna  Ulu  for  the  remainder  of  the  eruption. 

Gas-piston  activity  associated  with  rises  and  falls  of  lava 
columns  at  Mauna  Ulu  and  Alae  was  commonly  observed  during 
the  1969-74  eruptive  activity.  Short-term  minor  fluctuations  in  level 
of  Mauna  Ulu  and  Alae  lava  lakes  may  simply  be  due  to  larger  scale 
gas-piston  activity  of  a magma  column  of  greater  volume  and  lateral 
extent.  However,  large  variations  in  lake  levels  over  a period  of  time 
probably  reflect  major  changes  affecting  either  the  magma -transfer 
system  linking  the  Kilauea  summit  reservoir  and  the  eruption  site,  or 
possibly  even  changes  in  the  reservoir  itself.  The  levels  of  Mauna 
Ulu  and  Alae  lava  lakes  often  varied  sympathetically  (fig.  16. 19); 
at  no  time  during  1972  did  a drop  in  level  at  Mauna  Ulu  correlate 
with  a rise  in  level  at  Alae  or  vice  versa,  but  this  correlation  was 
weaker  in  early  1973.  Moreover,  the  variations  in  lake  level  at  times 
othibited  an  unmistakable  positive  correlation  with  summit  tilt  (fig. 
16. 19X  These  observations  suggest  that  a hydrostatic  balance 
existed  between  the  Kilauea  summit  reservoir,  the  Mauna  Ulu 
holding  tank,  and  the  vent  at  Alae,  compatible  with  the  postulated 
quasi-steady-state  magma  regime  operating  during  two  long  periods 
of  the  1972-74  eruption.  Detailed  study  of  the  hydrodynamics  and 
evolution  of  active  lava  lakes  at  Mauna  Ulu  and  Alae  should  bear 
importantly  on  the  overall  magma-transfer  regime  of  Kilauea  during 
I sustained  rift  activity. 
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VOLCANISM  IN  HAWAII 


SHORT-DURATION  OVERFLOWS:  VOLCANIC  SHIELD 
DEVELOPMENT 

Volcanic  shields  are  built  by  repeated  eruptions  of  fluid  lava 
from  centralized  vents.  A number  of  small  shields  dot  the  flanks  of 
Kilauea  Volcano;  ecamples  include  Kane  Nui  o Hamo  (pre-  J 
historic)  and  Heiheiahulu  (circa  A.D.  1750?)  on  the  east  rift  zone, 
and  Mauna  Ilu  (1919-20)  on  the  southwest  rift  zone  (fig.  16.  Ik 
However,  it  was  not  until  the  1969-74  Mauna  Ulu  eruptions  that  I 
shield  development  at  Kilauea  could  be  systematically  observed  and 
documented. 

( 1 ) Steady  lava  output  from  the  vent  over  a long  penod  of  time 
(weeks  to  months)  is  the  most  important  prerequisite  in  the  develop- 
ment of  channelized  flows  and,  ultimately,  lava  tubes.  Short-lived  or 
erratic  vent  activity,  even  if  of  high  volume,  docs  not  allow  the 
formation  of  lava  tubes. 

(2)  As  shown  in  the  chronological  narrative,  periods  of  | 
sustained  overflows  leading  to  lava-lube  development  and  periods  of 
frequent  short -duration  overflows  leading  to  shield  growth  generally 
are  not  coincident.  On  occasion,  however,  these  two  types  of 
eruptive  activity  may  grade  from  one  into  the  other  over  a transition 
interval  of  several  weeks;  thus,  both  activities  may  go  on  con- 
currently for  short  periods  of  lime. 

(3)  Systematic  field  observations  of  the  transition  of  pahoehoe 
to  aa  during  the  sustained  overflows  permitted  the  documentation  of 
several  modes  of  transition  and  demonstrated  that  moving  lava  flows 
function  as  natural  viscometers.  Peterson  and  Tilling  (1980)  pro- 
posed the  concept  of  a transition  threshold  zone  to  portray  the 
observed  inverse  critical  relation  between  viscosity  and  shear  rate  in 
the  transition  from  pahoehoe  to  aa;  this  model  was  refined  by 

KiJbum  (1981). 

(4)  Sustained  overflows  and  development  of  well -integrated 
tube  systems  enabled  lava  to  be  transported  as  far  as  12  km  from 
vents  at  Mauna  Ulu  and  Alae.  Flows  that  filled  the  deep  west  pit  of 
Makaopuhi  Crater  were  tube  fed,  as  were  those  that  entered  the  sea 
in  August -October  1972  and  in  February- May  1973. 

(5)  Lava-tube  systems  arc  efficient  but  fragile  conductors  of 
lava  and  can  be  easily  blocked  or  disrupted,  as  evidenced  by  the 
apparent  drastic  effect  of  the  April  26,  1973,  Honomu  earthquake 
on  the  tube  system  feeding  lava  into  the  sea.  By  May  I , earthquake- 
induced  impediments  and  blockage  caused  all  flow  to  cease. 


CHEMICAL  VARIATIONS  (MAGMA  BATCHES) 

The  long-lived  Mauna  Ulu  eruptions  provided  a unique 
opportunity  to  study  and  model  subtle  variations  ui  major  element 
chemistry  during  the  course  of  a lengthy  eruption.  Using  the 
chemical  composition  of  the  lava  from  the  1967-68  summit  eruption 
at  HaJemaumau  (Kinoshita  and  others,  1969)  as  the  reference 
analysis,  Wright  and  others  (1973)  identified,  after  adjusting  for 
olivine  control,  five  chemical  variants  (magma  batches)  for  the 
1969-71  Mauna  Ulu  lava.  Identification  of  these  subtly  different 
chemical  variants  in  turn  enabled  Wright  and  others  (1973)  to 
demonstrate  that  the  lava  from  a new  fissure  rutting  Aloi  Crater  and 


the  adjacent  west  flank  of  Mauna  Ulu  shield  in  early  April  1970 
was  identical  to  that  erupted  by  Mauna  Ulu  on  the  same  date  but 
distinct  from  that  in  preceding  Mauna  Ulu  eruptions.  Swanson  and 
others  (1979,  p.  38-39)  concluded  that  "a  batch  of  new  magma 
entered  both  the  Mauna  Ulu  and  Aloi  plumbing  systems  just  before 
the  outbreak,  implying  that  the  systems  were  interconnected  at  some 
unknown  depth.**  Hoffman  and  others  (1984)  contend,  however, 
that  the  variations  in  the  composition  of  the  1969-71  Mauna  Ulu 
lava  can  be  interpreted  in  terms  of  a partial  melting  model  without 
resort  to  different  magma  batches  from  the  mantle. 

Wright  and  Tilling  ( 1 980)  extended  such  chemical  studies  to 
include  lava  erupted  during  the  two  1971  summit  eruptions,  the 
1972-74  Mauna  Uhi  eruption,  and  the  eruptions  of  July,  Sep- 
tember, and  December  1974.  They  recognized  five  new  magma 
batches  (chemical  variants)  and  concluded  that  the  following  proc- 
esses were  common  to  all  eruptions  in  the  period  1969-1974 
(Wright  and  Tilling,  I960,  p.  786): 

44 1 . appearance  of  new  chemically  distinct  batches  of  magma, 

2.  mixing  of  two  or  more  of  these  batches  prior  to  eruption. 

3.  subordinate  isolation  and  cooling  of  magma  followed  by  flow 

differentiation  leading  to  eruption  of  differentiated  com- 
positions." 

Analysis  of  the  distribution  in  time  and  space  of  the  chemically 
distinct  magma  batches  makes  it  possible  to  estimate  the  residence 
times  and  volumes  of  these  batches.  For  example,  on  the  basis  of 
such  information.  Wright  and  Tilling  (1980,  p.  777)  suggest  that  the 
appearance  of  fractionated  magma  in  July  1974  can  be  related  to  the 
isolation  and  cooling  of  magma  introduced  into  shallow  storage  2 Vz 
to  4 years  before. 


QUASI-STEADY-STATE  ACTIVITY 

The  small  amount  of  net  summit  inflation  observed,  together 
with  other  evidence  presented  earlier  in  this  paper,  suggests  that  a 
quasi- steady -state  magma- transfer  regime  prevailed  throughout 
much  of  the  1972-74  eruption.  If  our  concept  of  quasi-steady-state 
activity  is  valid,  then  the  magma  influx  from  the  deep  source  region 
must  be  approximately  constant,  at  least  on  a time-averaged  basis, 
and  nearly  equal  to  the  increments  transferred  into  the  rift  zone. 

Hie  ground -deformation  patterns  derived  from  level,  ground 
tilt,  and  trilateration  surveys  during  the  periods  of  quasi-steady-state 
magma  transfer,  which  show  little  net  summit  inflation  or  deflation 
between  surveys,  are  not  always  in  good  agreement  with  the 
variations  m Uwckahuna  tilt  (see  section  titled  “Results  of  level,  tilt, 
and  trilateration  surveys’^  In  contrast,  deformation  patterns  during 
the  period  of  net  summit  inflation  related  to  the  1 973  eruptions  in  the 
Pauahi-Huaka  area,  are  more  coherent.  These  observations  suggest 
that  a threshold  amount  or  rate  of  summit  tilt  change  must  be 
exceeded  in  order  for  the  results  of  ground -deformation  surveys 
encompassing  the  entire  summit  region  to  yield  definitive  interpreta- 
tions. Dus  in  turn  implies  that  the  volcanic  edifice  has  a yield 
strength  and  that  a finite  amount  of  inelastic  deformation  must  be 
accommodated  before  elastic  behavior  sets  in. 
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COMPARISON  WITH  1969-71  MAUNA  ULU  ERUPTION 

The  1972-74  Maun  a Ulu  eruption  shares  many  charac- 
teristics with  the  1969-71  eruption.  It  differs,  however,  in  the 
following  aspects: 

(1)  The  later  eruption  lacked  the  high-fountaining  episodes 
(maximum  540  m)  and  associated  larger  summit  deflation  (maximum 
about  30  p.rad)  of  the  1969  activity  (stage  1 of  Swanson  and  others, 
1979).  Although  the  behavior  in  1974 — brief  eruptive  episodes 
separated  by  longer  intervals  of  weak  vent  activity — was 
qualitatively  reminiscent  of  the  stage  I activity,  fountain  heights  were 
smaller  by  an  order  of  magnitude  (40-80  m) 

(2)  The  1972-74  eruption  occurred  with  practically  no  net 
summit  inflation,  whereas  the  1969—71  activity  resulted  in  a net 
summit  inflation  of  approximately  60  p.rad,  suggesting  that  a more 
efficient  magma -transfer  regime  existed  during  1972-74. 

(3)  The  February  1 972- April  1973  period  of  low  seismicity 
on  the  summit  and  east  rift  has  no  counterpart  in  the  1969-71 
Mauna  Ulu  eruption. 

SUMMARY  REMARKS 

The  1969-71  and  1972-74  Mauna  Ulu  eruptions  provided 
an  unparalleled  opportunity  to  conduct  systematic  studies  of  ongoing 
eruptive  processes  associated  with  long-lived  active  lava  lakes. 
Many  of  these  studies  have  already  been  published  (table  16.1; 
Swanson  and  others,  1979,  table  IX  others  are  in  progress.  Long- 
lived  lava  lakes  were  commonly  active  within  or  near  Halemaumau 
Crater  during  the  19th  and  early  20th  centuries,  but  it  was  not  until 
the  Mauna  Ulu  eruptions  that  such  lava  lakes  were  observed  in  a 
flank  eruption.  As  of  this  writing  (June  I985X  the  current  long-lived 
eruption  at  Puu  Oo  m Kilaueas  middle  east  (Wolfe  and  others, 
chapter  17)  resembles  activity  during  stage  I of  the  1969-71 
Mauna  Ulu  eruption.  Will  it  later  evolve  into  a subsequent  stage 
dominated  by  one  or  more  active  lava  lakes?  Our  experience  at 
Mauna  Ulu  suggests  that  it  is  possible. 
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THE  PUU  00  ERUPTION  OF  KILAUEA  VOLCANO,  EPISODES  1-20, 
JANUARY  3, 1983,  TO  JUNE  8,  1984 

By  Edward  W.  Wolfe,  Michael  O.  Garcia',  Dallas  B.  Jackson,  Robert  Y.  Koyanagi,  Christina  A.  Neal,  and 

Arnold  T.  Okamura 


ABSTRACT 

The  Puu  Oo  eruption  began  at  Napau  Crater  in  the  east  rift 
zone  of  Kilauea  Volcano  on  January  3,  1983.  After  an  initial 
aeries  of  intermittent  fissure  eruptions,  the  style  changed  to  one 
of  episodic  central-vent  eruptions.  By  early  June  1984,  20 
eruptive  episodes  had  occurred,  including  the  initial  fissure- 
eruption  episode,  and  approximately  240  x 10®  m3  of  new  basalt 
covered  an  area  of  more  than  30  km2.  Fountains  ranging  up  to 
nearly  400  m high  built  large  cones  at  the  central  vents. 

The  eruption  occurred  in  a part  of  the  rift  zone  that  had  a 
long  history  as  a locus  for  intrusions.  Tilt  changes  and  flurries  of 
shallow  earthquakes  recorded  accumulation  of  magma  from 
1978  through  1980  and  again  in  late  1982.  We  interpret  geodetic 
and  seismic  evidence  to  indicate  a shallow  magma  reservoir  in 
the  area  before  emplacement  of  the  feeder  dike  in  early  January 
1983.  Lava  erupted  during  the  first  several  months  was  differen- 
tiated beyond  olivine  control  and  was  apparently  derived  from 
magma  that  had  undergone  prolonged  storage  and  crystal  frac- 
tionation in  the  rift  zone. 

The  central-vent  eruptive  episodes,  which  began  in  Febru- 
ary 1983  with  episode  2,  lasted  from  9 hours  to  12  days.  They 
were  characterized  by  high-volume  discharge  of  lava,  vigorous 
foun taming,  rapid  summit  subsidence,  and  strong  harmonic 
tremor  in  the  vent  area.  The  repose  periods  lasted  from  8 to  65 
days  and  were  characterized  by  gradual  reinflation  of  Kilauea  t 
summit  and  persistence  of  weak  harmonic  tremor  in  the  vent 
area.  Alternating  inflation  and  deflation  in  the  summit  and  vent 
areas  occurred  sympathetically,  suggesting  that  reservoirs  in 
the  rift  zone  and  summit  area  were  hydraulically  linked. 

After  the  initial  episode,  lava  was  erupted  at  an  average 
rate  of  13.4  X 10*m3/mo.  Long-term  tilt  change  in  the  summit 
region  was  minimal,  and,  following  the  approach  of  Swanson 
(1972),  we  have  calculated  an  average  magma-supply  rate  of 
approximately  lOxlCPmVmo  after  correction  for  25  percent 
porosity.  This  rate  is  higher  than  some  estimates  for  long-term 
supply  to  the  volcano,  but  evidence  from  S02-emission  rates  in 
the  summit  region  also  indicates  that  the  Puu  Oo  eruption  may 
have  coincided  with  a period  of  increased  magma  supply. 

After  Puu  Oo  became  established  as  the  sole  vent,  olivine- 
controlled  lava  was  erupted.  Beneath  Puu  Oo,  a column  of 
magma,  which  may  have  been  nearly  vertical  and  several  kilo- 
meters long,  underwent  short-term  compositional  changes  dur- 
ing repose  periods  that  apparently  reflected  fractionation  of 
olivine.  This  process  repeatedly  produced  a finite  volume  of 
MgO-depleted  magma,  which  would  be  exhausted  whenever  the 
volume  of  the  next  eruptive  episode  exceeded  that  of  MgO- 


'Hswaa  UoltfuU  of  OophyiK-a.  Uiwmily  <4  iiamun.  HnnoMw 


depleted  melt.  A long-term  compositional  change  manifested  by 
gradually  increasing  CaO  and  MgO  may  have  been  a con- 
sequence either  of  gradually  decreasing  contamination  of  fresh 
summit  melt  by  differentiated  magma  present  in  the  rift  zone  or 
of  gradually  changing  composition  of  the  meh  generated  in  the 
mantle. 


INTRODUCTION 

The  F\iu  Oo  eruption  began  at  Napau  Crater  in  the  east  rift 
zone  of  Kilauea  Volcano  (fig.  17. 1)  on  January  3,  1983.  An  initial 
series  of  intermittent  fissure  eruptions  was  followed  by  a long  and 
continuing  series  of  central-vent  eruptions.  In  the  17-month  period 
reviewed  in  this  paper,  twenty  major  eruptive  episodes  occurred. 
Because  it  is  difficult  to  maintain  terminology  that  is  both  concise  and 
consistent,  for  eruptive  activity,  we  apply  the  term  eruption  both 
collectively  to  the  entire  series  of  related  eruptive  events  in  the  east 
rift  zone  during  1983-84  and  singly  to  individual  periods  of 
significant  lava  discharge  within  that  series.  Following  the  usage  of 
Swanson  and  others  (I979X  we  use  the  term  episode  to  identify 
occurrences  of  fountaming  and  lava-flow  production  separated  by 
relatively  long  quiescent  periods  during  which  Kilaueas  summit 
reservoir  inflated.  Many  of  the  eruptive  episodes  consisted  of  single 
fountaming  and  flow- production  events.  Others,  however,  such  as 
episodes  I,  13,  and  19,  consisted  of  two  or  more  such  events 
separated  by  relatively  brief  quiescent  periods.  Thus,  some  of  the 
episodes  were,  themselves,  series  of  episodic  events. 

During  those  17  months  of  activity,  nearly  240xl06m3  of 
basalt  was  erupted,  covering  more  than  30  km2  of  largely  forested 
country  in  the  middle  part  of  the  rift  zone  and  the  adjacent  part  of 
the  south  flank  of  the  vokano.  Several  flows  entered  sparsely 
populated  areas  and  destroyed  a total  of  18  dwellings.  Spatter 
falling  from  fountains  that  ranged  up  to  nearly  400  m in  height  built 
large  cones  at  the  centra)  vents.  A 60-m-high  cone,  F\iu  Halulu, 
was  formed  within  the  first  three  months  of  the  eruption;  by  the  end 
of  the  twentieth  episode,  Puu  Oo,  the  cone  at  the  principal  vent, 
stood  about  1 30  m above  the  preeruption  ground  surface.  At  the 
time  of  writing  (June  1985),  the  Puu  Oo  eruption  continues  una- 
bated and  has  become  the  most  voluminous  histoncal  eruption  of 
Kilauea. 
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Observational , instrumental,  and  laboratory  results  from  the 
first  one  and  one-half  years  of  the  Puu  Oo  eruption  are  presented  in 
detail  in  separate  papers  covering  geologic  observations  (Wolfe  and 
others,  in  pressX  data  on  temperature  and  composition  of  sampled 
lavas  (Neal  and  others,  in  pressX  gas  studies  (Greenland,  in  press; 
Greenland  and  others,  in  pressX  seismology  (Koyanagi  and  others, 
in  pressX  deformation  studies  (Okamura  and  others,  in  pressX 
geoelec  trie  studies  (Jackson,  in  pressX  and  petrology  (Garcia  and 
Wolfe,  in  pressX  Those  papers  provide  a detailed  foundation  for  this 
synthesis,  and  we  refer  the  reader  to  them  for  details  of  topics  treated 
here  in  summary  fashion.  Hereinafter,  we  draw  on  those  papers 
extensively  without  further  citation  except  as  needed  for  clarity. 
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GEOLOGIC  SETTING  FOR  THE  PUU  OO 
ERUPTION 

STRUCTURE  AND  MAGMATIC  PLUMBING  OF  K1LAUEA 

A consistent  generalized  model  of  the  geologic  structure  and 
magmatic  plumbing  of  Kilauea  Volcano  has  been  developed  from 
geologic  and  geophysical  studies,  particularly  over  the  last  three 
decades.  This  model  has  been  recently  reviewed  and  expanded  by 
Ryan  and  others  (1981,  1963X  and  additional  recent  reviews  are 
given  by  Duffteld  and  others  (1982)  and  Dz unsin  and  others 
(1984X  A brief  summary  of  the  model  follows. 

Basaltic  magma  generated  at  a probable  depth  of  60-90  km 
(Wright,  1 984)  rises  through  a system  of  fractures  from  deep  in  the 
mantle  below  Kilauea  and  accumulates  within  a relatively  aseismic 
reservoir  zone  (Koyanagi  and  others,  1974)  that  lies  approximately 
2-6  km  below  the  southern  part  of  Kilauea  caldera.  Most  likely  the 
reservoir  is  a complex  of  interconnected  sills  and  dikes.  Continuing 
accumulation  of  magma  causes  inflation  of  the  reservoir,  which  is 
manifested  by  uplift  and  distention  of  the  crust  that  overlies  it. 
Episodic  relief  from  the  magmatic  stress  that  develops  during  filling 
of  the  reservoir  is  provided  by  summit  eruptions  and  by  intrusions 
that  transfer  magma  from  the  summit  to  the  rift  zones  of  the  volcano. 
During  rift-zone  intrusions  and  eruptions,  subsidence  and  con- 
traction occur  in  the  crust  overlying  the  reservoir;  subsidence  does 
not  necessarily  accompany  summit  eruptions.  Inflations  and  defla- 
tions of  the  summit  reservoir  cause  measurable  tilts  on  the  flanks  of 


' the  zone  of  uplift  or  subsidence.  The  east-west  component  of  such 
ground  tilt,  measured  with  a sensitivity  better  than  I microradian  by 
a continuously  recording  Hg-capacitance  tiltmeter  at  the 
Uwekahuna  vault  (fig.  1 7.  IX  approximately  3 km  northwest  of  the 
center  of  uplift  and  subsidence,  is  used  to  track  the  episodes  of 
inflation  and  deflation.  The  frequency  of  shallow  earthquakes  in  the 
vicinity  of  the  summit  reservoir  also  provides  a continuous  record  of 
t strain  manifested  as  adjustments  in  the  brittle  country  rock  during 
eposides  of  inflation  and  deflation. 

Intrusions  into  a rift  zone  are  commonly  accompanied  by 
harmonic  tremor  and  by  swarms  of  shallow  (depth  <3  km)  earth- 
quakes that  reflect  fracturing  of  brittle  rocks  in  response  to  dike 
emplacement  or  to  volume  changes  in  the  magmatic  conduit.  Dike 
emplacement  is  commonly  accompanied  by  ground  cracking,  exten- 
sion perpendicular  to  the  rift-zone  axis,  and  vertically  directed 
displacement  above  and  flanking  the  dike  (Pollard  and  others, 
I983X  Propagation  of  a dike  to  the  surface  resuks  in  an  eruption. 
The  dose  association  of  subsidence  at  the  summit  with  intrusion  in 
the  rift  zone  implies  a hydraulic  link  between  the  summit  and  the  rift 
zone. 

In  some  cases,  either  an  aseismic  zone  separates  the  area  of  rift 
intrusion  from  the  summit -reservoir  region,  or  an  intrusion  occurs 
without  generating  an  earthquake  swarm  in  the  rift  zone.  In  the  latter 
case,  the  intrusion  is  manifested  by  subsidence  and  related  shallow 
earthquakes  at  the  summit,  geodetic  and  possibly  electrical  poten- 
tial-field disturbances  in  the  rift  zone,  and  harmonic  tremor. 
Aseismic  transfers  of  magma,  which  are  common,  imply  the  pres- 
ence of  a preexisting  magmatic  conduit  (Swanson  and  others, 

I976bx 

Kilauea  abuts  the  seaward-sloping  southeast  flank  of  Maun  a 
Loa,  a much  larger  shield  volcano  that  forms  a massive  buttress  on 
Kilauea  s northwest  flank.  Kilaueas  summit  is  approximately  3 km 
above  the  adjacent  sea  floor,  and  its  unbuttressed  southeast  flank  is 
gravitationally  unstable,  biske  and  Jackson  (1972)  showed  that  this 
geometric  arrangement  resuks  in  orientation  of  the  axis  of  least 
compressive  stress  perpendicular  to  the  boundary  between  Mauna 
Loa  and  Kilauea.  Consequently,  extension  and  dike  emplacement 
occur  along  two  steeply  dipping  zones  (the  east  and  southwest  nft 
zones)  that  approximately  parallel  the  Kilauea- Mauna  Loa  bound- 
ary. 

Repeated  intrusion,  extension,  surface  cracking,  and  extrusion 
have  created,  in  each  of  the  rift  zones,  a broad,  gentle  topographic 
ndge  with  numerous  open  cracks,  normal  faults  of  small  throw,  and 
linear  vents,  all  aligned  perpendicular  to  the  direction  of  least 
compressive  stress.  The  upper  few  kilometers  of  a rift  zone  must  be 
laced  by  a complex  of  dikes  that  strike  parallel  to  the  rift-zone  axis. 
The  currently  active  part  of  the  rift  zone,  as  indicated  by  the 
distribution  of  historical  (the  last  200  yr)  eruptive  vents  (Holcomb, 
I960)  is  as  much  as  about  2km  wide. 

Geophysical  evidence,  including  recognition  of  local  inflation 
centers  (see,  for  example,  Jackson  and  others,  1973)  and  the 
occurrence  of  aseismic  intrusions,  indicates  that  magma  persists 
along  at  least  parts  of  the  rift -zone  interior  for  extended  periods  of 
time.  This  inference  is  supported  by  petrologic  evidence,  which 
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Figure  17.1. — KiLue*  turnout.  upp«  <uul  middle  part*  of  rail  nft  Z.CHK.  and  features  dneussed  m trait.  HVO.  Hawaiian  Volcano  Observatory;  UTM.  Uwekabuna 
tihmeter.  bb.  borehole  tiltmeter.  SL,  spirit-level  tilt  station.  Red.  Sows  of  episodes  I -20.  Puu  Oo  eruptson.  Black,  shields  and  large  cmder  and  spatter  cones;  all  ocept 
Puu  Oo  and  Puu  Halulu  predate  die  Puu  Oo  eruption  Inset  shows  location  of  area  and  outlmes  af  volcanoes  an  Island  of  Hawaii.  ERZ,  east  rift  zone  of  Kilauea. 
SWRZ.  southwest  rift  zone  of  Kilauea. 


shows  that  melt  of  differentiated  composition  has  been  a significant 
component  of  rift-zone  eruptions.  Wright  and  Fi&lce  (1971)  have 
interpreted  the  differentiated  melt  as  the  product  of  cooling  and 
partial  crystallization  of  magma  intruded  into  the  rift  zones  from  the 
summit  region.  Furthermore,  geologic  mapping  in  the  lower  east  rift 
zone  (Moore,  1983)  has  revealed  areas  where  repeated  eruption  of 
differentiated  melt  has  occurred,  implying  that  local  zones  favorable 
to  storage  of  intruded  magma  have  persisted  for  hundreds  of  years. 

Kilauea  s seaward  flank,  generally  called  the  south  flank,  is 
detached  from  the  rest  of  the  volcano  along  the  rift  zones,  and  it 
undergoes  compression  and  seaward  dislocation  in  response  to 
intrusive  activity  tn  the  rift  zones  (Swanson  and  others,  1976a).  The 
approximate  base  of  the  mobile  block  is  recorded  by  a zone  of 
earthquake  hypocenters,  8-9  km  deep,  that  forms  a belt  parallel  to 
the  rift-zone  axis  but  displaced  southeastward  from  it  (see  fig.  1 7.8) 
Focal  mechanisms  indicate  that  fault  movements  occur  parallel  to  a 
plane  dipping  2-3°  northwestward  (Crosson  and  Endo,  1982);  this 


subhorizontal  zone  of  decoupling  may  correspond  to  a sediment- 
bearing layer  at  the  interface  between  the  young  volcanic  rocks  that 
comprise  the  Island  of  Hawaii  and  the  isostatically  down  bowed 
older  sea  floor  beneath  the  island  (Swanson  and  others,  1976a; 
Crosson  and  Endo,  1982) 

The  magma  supplied  to  Kilauea  from  the  mantle,  then,  is 
accommodated  in  summit  storage,  summit  and  rift-zone  eruptions, 
and  rift-zone  intrusions.  Growth  of  the  volcano  results  primarily 
from  addition  of  erupted  basalt  to  its  surface  and  from  intrusion 
accompanied  by  seaward  dislocation  of  the  south  flank.  Dzurisin  and 
others  (1984)  concluded  that  between  1956  and  1983  more  than 
2x  lO^m*  of  magma  had  entered  Kilauea,  at  an  average  rate  of 
about  7 X I06m3/mo.  Approximately  35  percent  of  this  magma  was 
extruded  during  that  period;  the  rest  was  stored  in  the  rift  zones.  55 
percent  in  the  east  rift  zone  and  10  percent  in  the  southwest  rift  zone. 
Apparently  the  summit  reservoir  has  functioned  in  recent  years,  at 
least,  mainly  as  a temporary  holding  tank. 
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Figure  17.2  — Simplified  geologic  map  of  venti  and  flow*  for  epnodes  1-20  of  the  ftiu  Oo  eruption  Al*o  thcrw*  trace*  of  recent  pre  1963  insure  vent*.  which  include  1977  vmli  (Moore  and  other*. 
I960;  R B Moore,  wnllen  commun..  1985)  and  l%l  -69  vent*  (Moore  and  Koyanajp.  1969;  Swanson  and  other*.  1976b.  Swumd  and  other*.  1979*  Flow*  were  mapped  and  held  checked  using 
aerial  photograph*  taken,  when  possible,  after  each  eruptive  episode. 
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Figure  17.3. — Eact-wo*  sumaut  tih  at  Uwtkahuna,  late  1977  lo  etxi  of  1962.  Intmtutg  values  undxAte  wetfward-directed  (mflatwowy)  tilt  change;  drcreawig  values 

indicate  eastward-directed  (deflationary)  uk  chance. 


RECENT  ACTIVITY  IN  THE  EAST  RIFT  ZONE,  1955-1962 

Eruptions  occurred  along  the  lower  east  rift  zone  of  Kilauea  in 
1955  and  I960,  following  a virtual  hiatus  of  1 1 5 years  (Macdonald 
and  others,  1 983).  Thereafter,  eruptive  activity  was  confined  to  the 
upper  and  middle  parts  of  the  east  rift  zone.  Since  I960,  the 
frequency  of  earthquake  occurrence  has  been  low  in  the  lower  east 
rift  and  in  the  adjacent  part  of  the  volcano's  south  flank.  Much 
higher  seismicity,  in  both  the  rift  zone  and  the  south  flank,  west  of  the 
longitude  of  Heiheiahulu  (fig.  17. 1)  indicates  that  post- 1 960  intru- 
sive activity  in  the  east  rift  zone  has  been  confined  to  the  upper  and 
middle  parts. 

Fissure  eruptions  occurred  repeatedly  in  the  middle  east  rift 
zone  from  1961  through  1969  (fig.  17.2)  From  1969  through 
1974,  the  two  upper-east -rift  eruptions  at  Mauna  Uhi  (Tilling  and 
others,  chapter  16;  Swanson  and  others,  1979)  dominated  activity 
at  Kilauea.  Seaward  displacement  of  Kilauea*  south  flank  and 
consequent  dilation  of  the  rift  zone  during  and  after  the  large 
(M  = 7.2)  Kalapana  earthquake  on  November  29,  1975,  appar- 


ently changed  the  conduit  system  so  that  thereafter  intrusions 
dominated  rather  than  eruptions  (Dzurisin  and  others.  I960) 
Dzurisin  and  others  (1984)  identified  nine  small  but  distinct  intru- 
sions that  occurred  in  the  east  rift  zone  from  1976  through  I960. 
During  that  period,  two  minor  eruptions  (fig.  1 7.3)  occurred  in  the 
upper  part  of  the  east  rift  zone,  and  a relatively  voluminous 
(35  X lO^m5)  eruption  (Moore  and  others,  1980)  occurred  in  the 
middle  part  (figs.  17.2  and  17.3)  in  September  1977. 

The  intrusions  m the  middle  east  rift  zone  were  documented  in 
part  by  tilt  measurements.  Except  where  covered  by  new  flows,  tbe 
middle  east  rift  zone  is  heavily  forested,  access  is  difficult,  and 
deformation  data  are  limited.  During  the  years  between  the  later 
' (1972-  74)  Mauna  Uhi  eruption  and  the  1977  eruption,  spirit-level 
tilt  stations  in  the  east  rift  zone  were  largely  limited  to  the  upper  part 
of  the  zone  and  to  the  part  from  Heiheiahulu  eastward.  In  that 
eastern  area,  tilt  measurements  in  early  and  mid- 1977  showed  a 
middle-east-nft  inflation  cento-  near  Heiheiahulu  (Dzurisin  and 
others,  1980)  We  do  not  know  how  far  uprift  the  inflation  extended 
Following  the  1977  eruption  and  through  1980,  an  expanded 
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network  of  spirit -level  tilt  stations  showed  a broad  inflationary  zone 
approximately  centered  on  the  Puu  Kamoamoa-Kalalua  area  (fig. 

I7.4X 

Intermittent  flumes  of  shallow  earthquakes  were  recorded  in 
the  Puu  Kamoamoa-Puu  Kahauaiea  region  between  late  1978  and 
late  1 980  (figs.  17.5A,  17.6).  The  flurries  often  occurred  during  or 
near  the  ends  of  episodes  of  gradual  summit  deflation.  They  may 
identify  intrusive  pulses  that  added  magma  to  storage  in  the  middle 
cast  rift  zone  as  reflected  by  the  increasing  tumescence  (fig.  17.4) 

Intrusions  into  the  east  rift  zone  virtually  ceased  early  in  1981 
at  the  beginning  of  a series  of  southwest -rift-zone  intrusions  that 
continued  intermittently  through  June  1982  (figs.  17.3,  I7.5B)  In 
addition  to  the  seismic  quiescence  in  the  east  rift  zone  during  that 
tune,  there  was  an  almost  total  absence  of  deformation,  as  shown  by 
the  borehole  tilt  me  ter  near  FSiu  Kamoamoa  (fig.  17.1)  between 
early  1981  and  late  1982. 

Between  1956  and  1983,  therefore,  at  least  IxICPm5  of 
magma  was  added  to  east -rift -zone  storage,  according  to  the 
calculations  of  Dzunsin  and  others  (1984)  Earthquake  distribution 
patterns  indicate  that  magma  accumulated  only  in  the  upper  and 
middle  parts  of  the  rift  zone  after  the  eruption  of  I960.  Tih 
measurements  begun  in  the  middle  east  rift  zone  after  the  1975 


Kalapana  earthquake  show  that  it  was  inflating  through  1980  and 
was  thus  a major  locus  of  magma  storage.  Magma  reservoirs 
apparently  became  engorged,  and  the  middle  east  rift  zone  became 
primed  for  the  eruptive  activity  that  began  in  1983.  The  distribution 
of  earthquake  epicenters  between  late  1978  and  late  1980  (fig. 
I7.5A)  further  indicates  that  intermittent  intrusions  were  adding 
magma  to  a reservoir  near  the  future  mam  vents  for  the  Puu  Oo 
eruption. 

IMMEDIATE  PRECURSORS  TO  THE  PUU  OO  ERUPTION 

After  a major  intrusion  in  the  southwest  rift  zone  in  August 
1981,  fairly  sustained  inflation  of  Kilauea  s summit  prevailed  until 
late  September  1982.  A small  summit  eruption  on  April  30-May 
I,  1982,  and  a second  large  southwest-rift  intrusion  in  June  1982 
punctuated  the  inflationary  episode.  An  abrupt  intrusion  in  the 
already  inflated  summit  region  on  September  25  caused  pronounced 
uplift  (fig.  17.3)  and  led  to  a minor  eruption  in  the  southernmost 
part  of  Kilauea  caldera.  During  the  eruption  and  immediately 
following  it,  a swarm  of  shallow  earthquakes  migrated  into  the 
uppermost  part  of  the  east  rift  zone  m the  vicinity  of  Puhimau  Crater 
(fig.  1 7. 5C)  and  concomitant  gcoeiectrical  disturbances  were  meas 
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ured  in  that  area  and  also  4 km  farther  southeast  near  Pauahi  Crater. 
However,  no  measurable  surface  deformation  was  detected  at  that 
time  in  the  upper  east  rift,  which  suggests  that  no  shallow  dike  was 
emplaced.  Therefore,  we  infer  that  a surge  of  supply  within  the 
upper  east-rift -zone  conduit  system  led  to  fracturing  of  the  shallow 
crustal  rocks  and  development  of  an  electrical  anomaly. 

Shallow  earthquakes  continued  in  the  area  between  Puhimau 
and  Pauahi  Craters  through  early  November,  but  with  diminishing 
frequency  after  mid-October.  A slow  lilt  change  recorded  by 
automatic  tihmeters  along  the  upper  east  rift  zone  began  on  October 
6,  together  with  changes  m self- potential  near  Pauahi.  These  events, 
which  continued  until  about  the  end  of  the  month,  indicated  that  a 
gradual  intrusion  was  under  way  in  the  upper  east  rift  zone. 
Beginning  about  October  8,  additional  shallow  earthquakes 
migrated  from  the  upper  east  rift  zone  downrift  as  far  as  the  Napau 
Crater  area,  where  intermittent  shallow  earthquakes  occurred  in  late 
October  and  early  November  (fig.  17.7)i  A gradual  tilt  change  at 
the  automatic  tihmeter  near  Puu  Kamoamoa.  beyond  the  downnft 
end  of  the  flurry  of  earthquakes,  began  on  November  8 and 
continued  until  about  the  middle  of  the  month,  indicating  renewed 
accumulation  of  magma  in  the  middle  east  rift  zone. 

A second  intense  earthquake  swarm  occurred  in  the  upper  east 
rift  zone  on  December  9 and  10,  1982.  Geoelectric  response  to  this 
event  waj  indistinct.  However,  a 70 -mm  subsidence  northwest  of  ! 
Puhimau  Crater,  detected  by  leveling,  may  have  been  a response  to 
emplacement  of  a dike  within  2 km  of  the  surface  sometime  between 
October  29  and  December  9.  As  in  the  previous  earthquake 
swarm,  the  shallow  hypoc enters  once  again  migrated  downrift  to  the 
vicinity  of  Napau  Crater  (fig.  I7.7X  where  seismic  activity  con- 
tinued through  the  end  of  the  month.  No  tikmeter  disturbances 
occurred  during  early  December  in  the  upper  east  rift  zone  or  near 
Puu  Kamoamoa,  but  gradual  tik  changes  in  the  upper  east  rift  and 
at  Puu  Kamoamoa  began  in  both  areas  on  December  20  and 
continued  to  the  end  of  the  year.  The  inferred  intrusions  during  the 
last  quarter  of  1982  apparently  reactivated  the  upper-  and  middle- 
east -rift-zone  conduit  system  and  set  the  stage  for  the  Puu  Oo 
eruption. 

EMPLACEMENT  OF  THE  FEEDER  DIKE  AND 
FISSURE  ERUPTIONS  OF  THE  FIRST  EPISODE 

The  premonitory  seismic  swarm,  accompanied  by  weak  har- 
monic tremor,  began  about  I km  west  of  Makaopuhi  Crater  (fig. 
17.8)  at  approximately  0030  (H.s.t.)  January  2,  1983.  When 
compared  to  the  late- December  seismicity,  the  swarm  appears  as  an 
intensification  of  the  already  established  earthquake  pattern  (fig. 
I7.9X  However,  hllmeters  located  2-4 km  uprift  near  Mauna  Uhi 
and  Puhimau  showed  tik  changes  virtually  coincident  with  the  onset 
of  the  swarm.  Neither  shallow  earthquakes  nor  electrical  changes 
occurred  uprift  in  conjunction  with  the  tihmeter  disturbances.  Thus, 
the  swarm  was  apparently  initiated  in  response  to  a new  surge  of 
magma  through  melt  filled  passages  in  which  a pressure  change 
could  be  transmitted  rapidly  and  easily.  An  hour  after  the  beginning 
of  the  swarm,  the  Uwekahuna  tikmeter  began  to  register  subsidence 


of  the  summit  of  Kilauea  (fig.  17.1  OX 

The  located  earthquakes  of  the  swarm,  mostly  2-4  km  deep, 
formed  a narrow  band,  I -2  bn  wide,  that  apparently  recorded 
magma  intrusion  in  the  form  of  a dike.  The  swarm  elongated 
northeastward  as  its  tip  migrated  downrift  at  a rate  of  approximately 
0. 7 km/h  (fig.  1 7. 1 1 X The  northeast  end  of  the  swarm  had  attended 
downrift  nearly  to  Napau  Crater  by  about  0400  January  2. 
Characterized  by  a sharply  defined  leading  edge,  the  swarm  con- 
tinued downrift  toward  Puu  Kamoamoa  until  about  0600.  From 
then  until  the  onset  of  eruptive  activity  early  the  next  morning,  the 
swarm  lost  its  distinct  leading  edge  (fig.  17.11)  and  was  largely 
localized  between  Napau  Crater  and  Puu  Kamoamoa. 

Surface  deformation  caused  by  the  northeastward-migrating 
dike  was  detected  by  tihmeters  in  the  rift  zone  near  both  Puu 
Kamomoa  and  K&lalua  while  the  earthquake  swarm  was  still 
between  Napau  and  Puu  Kamoamoa.  At  0430  January  2,  the  Puu 
Kamoamoa  instrument,  located  north  of  the  rift  axis,  started  to 
detect  a southeastward  tilt  of  the  ground,  and  two  hours  later,  at 
0630,  the  instrument  north  of  Kalatua  responded  to  a southward 
tih.  At  1030  at  Puu  Kamoamoa,  the  east-west  tik  component, 
which  was  nearly  parallel  to  the  strike  of  the  dike  and  thus  more 
sensitive  to  passage  of  the  dike  tip  (Maruyama.  I964X  reversed 
direction  from  east  down  to  west  down;  this  reversal  probably 
indicated  the  passing  of  the  dike  tip.  In  10  hours,  the  dike  lip  had 
migrated  slightly  more  than  7 km  from  the  assumed  starting  point 
near  Makaopuhi  Crater.  The  migration  rate  based  on  the  tih  reversal 
at  the  Puu  Kamoamoa  station,  0.7  km/h,  agrees  with  the  rale  of 
downrift  migration  of  the  earthquake  swarm. 

The  vertical  surface-displacement  field  caused  by  the  dike  tip  is 
expected  to  migrate  downnft  ahead  of  the  tip,  but  the  two  should 
travel  at  the  same  rate  (Maruyama,  I964X  0.7  km/h  in  this  case. 
The  initial  tiltmeter  disturbance  at  Kalalua,  however,  occurred  at 
0630,  only  2 hours  after  that  at  Puu  Kamoamoa.  5.4  km  uprift, 
and  nearly  6 hours  earlier  than  predicted  by  downrift  migration  at 

0.7  km/h. 

This  anomalous  early  arnval  could  have  resulted  from  passage 
of  a hydraulically  induced  surge  of  magma  when  the  dike  tip 
encountered  another  magma  body.  If  that  was  the  case,  the  migration 
of  the  pressure -induced  surge  from  the  dike  tip  to  Kalalua  may  have 
been  nearly  instantaneous.  At  0630,  when  the  Kalalua  tiltmeter  first 
recorded  movement,  the  dike  tip  should  have  been  4. 2 km  (0.7 km/h 
times  6h)  from  the  point  of  origin  of  the  earthquake  swarm.  Thus  it 
would  have  been  between  Napau  Crater  and  Puu  Kamoamoa,  in 
the  area  where  the  leading  edge  of  the  swarm  lost  its  definition  (fig. 

17.1  IX 

About  20  hours  after  passage  of  the  leading  edge  of  the 
earthquake  swarm,  lava  fountaming  began  at  Napau  Crater  at  0031 
January  3.  The  initial  outbreak  continued  for  9.5  hours;  it  produced 
a 6-km-long,  discontinuous  line  of  erupting  fissures  that  extended 
progressively  downnft  from  Napau  Crater  and  reached  its  tempo- 
rary eastern  limit,  south  of  Puu  Kahaualea,  at  0740  (fig.  17. 12X 
The  overall  migration  of  the  vent  system  was  downnft  (fig.  17.1 3X 
but  the  sequence  of  vent  opening  was  complicated  in  detail;  at  times, 
new  vents  opened  uprift  of  already  active  ones.  The  sequence  of 
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Figure  17.5. — Continued. 


termination  of  eruption  was  also  complex.  The  last  vents  to  shut 
down,  at  1000  that  morning,  were  those  at  the  middle  of  the  fissure 
system,  near  Puu  Kamoamoa. 

Except  for  brief  foun laming  later  that  afternoon  of  the  east* 
emmost  vent,  which  had  opened  at  0740,  the  initial  outbreak  was 
over;  no  further  eruption  occurred  for  approximately  2 days.  Rapid 
subsidence  of  the  summit  stopped  abruptly  when  extrusion  stopped 
at  1000  January  3,  and  the  summit  reinflated  until  late  on  January  4, 
at  which  time  subsidence  resumed  (fig.  17. 10).  During  the  respite  in 
eruption  from  January  3 to  January  5,  shallow  seismicity  was 
distributed  in  a zooe  that  extended  nearly  from  Napau  Crater  to  | 
KalaJua  (fig.  17.11). 


Fountain  mg  resumed  at  1 123  January  5,  and  nearly  continuous 
fissure  eruptions  occurred  alternately  or  sometimes  simultaneously 
through  January  5 and  6 at  this  1 1 23  vent,  the  previously  active 
0740  vent,  and  a third  nearby  vent  that  opened  at  1708  January  3. 
Intermittent  minor  fissure  eruptions  also  occurred  during  this  period 
in  the  vicinity  of  Puu  Kamoamoa. 

Extension  manifested  by  ground -cracking  occurred  on  January 
3 and  6 along  zones  that  flanked  the  0740-1 123-1708  vent  align- 
ment (fig.  1 7. 1 2X  An  estimated  0.3x  of  Uva  poured  into  an 
open  crack  south  of  the  0740  vent.  On  strike  with  the  open  crack, 
widening  of  2-3  m occurred  on  cracks  cutting  a flow  that  was 
emplaced  sometime  on  January  5-6;  flows  erupted  on  January  8-9 
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FIGURE  17.6,  — Cumulative  frequency  of  located  dwllow  (<5-km  depth)  earth- 
quake*  m the  Puu  Kamoamoa-Ruu  Kahauaka  area,  1976  through  1982.  See 
figure  1 7. 5 A for  location. 


buried  the  cracks  and  showed  no  subsequent  displacement. 

Shallow  earthquakes,  sufficiently  targe  to  be  well  located, 
persisted  in  the  eruption  area  between  January  2 and  7.  Early  on 
January  7,  seismicity  increased  markedly  to  form  a renewed  earth- 
quake swarm  near  Kalalua,  farther  downnfl  than  it  had  previously 
attended  (fig.  17.11).  Accelerated  surface  deformation  in  the  same 
general  area  began  during  the  evening  of  January  6 and,  by 
midnight,  had  caused  a large  disturbance  of  the  borehole  tilt  meter 
about  300m  north  of  Kalalua.  This  event  also  perturbed  the  self 
potential  in  the  same  area.  Daylight  on  January  7 showed  the 
tiltmeter  to  be  within  a northeast  trending  zone  of  new  cracks  that 
bounded  a shallow  graben.  Immediate  remeasurement  of  a horizon- 
tal distance  across  the  zone  of  cracks  north  of  Kalalua  indicated  that 
about  1.8  m of  extension  normal  to  the  trend  of  the  rift  zone  had 
occurred  since  the  previous  measurement  on  January  5 (Dvorak  and 
others,  in  press;  an  additional  0.4  m of  extension  of  the  line  was 
measured  on  January  1 1 , after  which  there  were  no  further  changes  X 
These  events  apparently  recorded  emplacement  of  the  easternmost 
segment  of  the  new  dike  system  that  had  been  delivering  magma  to 
the  surface  since  January  3.  Fountaining  and  flow  production  began 
on  this  segment  of  the  dike  at  1030  January  7 and  continued  for 
about  18  hours  (fig.  17.13) 

Forcible  emplacement  of  a shallow  dike  apparently  occurred 
near  Kalalua  on  late  January  6 and  early  January  7,  but  the  effects 
of  magmatic  activity  were  evident  earlier.  An  aseismic  dislocation  of 
the  tikmeter,  discussed  above,  occurred  at  0630  January  2.  approx- 
imately 6 hours  after  the  onset  of  the  seismic  swarm.  Rroccupalion, 
on  the  afternoon  of  January  3,  of  a self-potential  measurement  line 
crossing  the  rift  zone  near  the  tiltmeter  showed  a voltage  increase, 
which  contrasted  with  a previous  long-term  trend  of  generally 
decreasing  self- potential.  At  the  same  time,  production  of  profuse, 
hot.  S02  rich  fume  was  observed  along  newly  lengthening  cracks 


about  I km  east  of  the  0740  vent,  where  new  vents  would  erupt  four 
days  later  on  January  7. 

The  earthquake  swarm  ended  late  on  January  7.  Thereafter, 
through  at  least  the  20  eruptive  episodes  summarized  here,  no 
further  concentrations  of  locatable  shallow  earthquakes  occurred  in 
the  eruptive  zone.  The  major  subsidence  of  Kilauea  s summit  ended 
at  about  0700  January  8.  Thereafter,  intermittent  fissure  eruptions, 
accompanied  by  sporadic  minor  tilt  changes  at  the  summit,  occurred 
through  January  1 5 at  the  1 123  and  1 708  vents.  An  additional  small 
eruption  occurred  near  Puu  Kamoamoa  on  January  23. 

Fissure  vents  were  dominant  during  the  first  episode  of  the  Puu 

00  eruption.  They  produced  linear  fountains  as  long  as  several 
hundred  meters.  Spatter  from  the  fountains  built  low  ramparts 
adjacent  to  the  fissures,  and  thin  fluid  flows  of  pahoehoe,  which 
changed  locally  to  aa,  normally  spread  near  the  erupting  vents.  A 
major  exception  occurred  on  January  7,  when  particularly  intense 
effusion  generated  a fluid  lava  flow  that  rapidly  moved  5.3  km  down 
Kilauea  s south  flank  at  a rate  that  reached  about  2 km/h.  At  the 
peak  of  that  event,  the  discharge  rate  was  greater  than  1 X 106m3/h. 
Normal  discharge  in  episode  I was  much  lower,  usually  by  an  order 
of  magnitude.  In  approximately  99  hours  of  actual  eruption,  episode 

1 produced  about  14  X lO^m3  of  new  flows  and  vent  deposits. 

Subsidence  related  to  the  dike  emplacement  and  the  January 
eruptions  occurred  in  Kilauea t summit  area  (fig.  17.14)  The 
maximum  vertical  displacement,  at  least  55  cm,  was  in  the  southern 
part  of  the  caldera,  southeast  of  Halemaumau.  The  topographic 
volume  loss,  calculated  from  levelling  data,  was  approximately 
60  X H^m3  (Dvorak  and  others,  in  press)  A concentration  of 
shallow  earthquakes  in  the  southern  caldera  region  (fig.  17.8) 
recorded  brittle-fracture  events  coincident  with  the  subsidence. 

The  earthquake  swarm  was  approximately  16  km  long  (fig. 
17.8)  and  its  base  was  about  3-4  lun  deep.  The  feeder  dike 
intersected  the  ground  surface  along  an  8-km-long  part  of  the 
earthquake  zone.  Using  an  8-km  length,  2.2-m  width  (from  the 
measured  extension  near  Kalalua)  and  average  3. 5 -km  distance 
from  top  to  bottom,  we  calculate  an  approximate  volume  of 
60xl06m3  for  the  dike,  a value  that  is  almost  certainly  an 
underestimate.  Using  the  full  16-km  length  gives  I20xl06m,1 
twice  as  much  as  the  topographic  volume  change  in  the  summit  area 
and  probably  an  overestimate  because  the  dike  did  not  reach  the 
surface  over  the  full  length  of  the  earthquake  swarm. 

Horizontal  distance  measurements  over  the  period  from  Janu- 
ary-May  1982  to  September -October  1983  indicated  a seaward 
displacement  of  Kalalua,  with  respect  to  reference  points  on  Mauna 
Loa,  of  more  than  3 m (Hawaiian  Volcano  Observatory  data) 
During  the  same  period,  stations  in  the  upper  east  rift  zone  and 
downrift  at  Heiheiahuiu  showed  no  movement.  Stations  on  the  south 
flank,  near  the  coast,  were  displaced  seaward  approximately 
0.5-1  m;  maximum  movement  was  in  the  same  sector  as  the 
earthquake  swarm  and  diminished  to  the  northeast  and  southwest. 
The  large  disparity  between  the  apparent  displacements  of  Kalalua 
and  the  stations  closer  to  the  coast  indicates  that  substantial  compres- 
sion of  the  south  flank  resulted  from  intrusion  of  the  dike.  Modeling  a 
theoretical  dike  that  would  best  account  for  the  measured  horizontal 
displacements,  Dvorak  and  others  (in  press)  found  that  the  best  fit 
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FlOURK  17.7. — Space  time  diagram  al  earthquake  epicenters  in  the  summit,  upper  and  middle  east  rift  tone,  and  adjacent  part  <rf  the  south  Hank,  Kiiauca  Volcano,  from 

September  through  December  1982.  Epicenters  projected  onto  an  east-west  line. 


was  for  a dike  1 1 .4  km  long,  2.4  km  from  top  to  bottom,  and  3.6  m 
wide.  These  dimensions  yield  a volume  of  about  lOOxK^m3, 
which  is  probably  a reasonable  approximation. 

During  the  earthquake  swarm,  the  area  from  Puu  Kamoamoa 
to  between  f^iu  Kahaualra  and  Kalalua  (fig.  17.8)  showed  a lower 
concentration  of  seismic  activity.  This  area  contains  the  major  vents 
of  the  Puu  Oo  eruption:  the  0740-1 123- 1 708-vent  complex  south  of 
Puu  Kahaualca  and  the  Puu  Oo  vent  northeast  of  Puu  Kamoamoa. 
It  also  coincides  closely  with  the  zone  of  shallow  earthquake  flurries 
that  recurred  repeatedly  from  late  1978  to  late  I960  (figs.  I7.5A, 
17.6).  Furthermore,  the  initial  displacement  field  migrating  downnft 
ahead  of  the  dike  tip  passed  through  this  area  al  a higher  speed  than 


in  its  passage  farther  uprift  and  produced  the  anomalous  early  tik 
near  Kalalua.  Taken  together,  these  data  suggest  that  the  major 
vents  overlie  a local  magma  reservoir  established  before  the  eruption 
started.  The  lower  seismicity  may  record  upward  propagation  of  the 
dike  through  crust  that,  because  of  the  magma  reservoir,  was  more 
distended,  fractured,  and  hotter  than  normal  when  dike  emplace- 
ment occurred. 

A zone  of  low  seismicity  was  also  found  farther  south  in  the 
same  sector  of  the  south  flank  (fig.  I7.8X  where  it  had  been  a 
persistent  feature  since  at  least  the  early  1960  s (Hawaiian  Volcano 
Observatory  data).  The  quiet  zone  in  the  south  flank  may  be  related 
to  the  one  in  the  1983  earthquake  swarm.  If  so,  the  persistence  of 
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Figure  17.8.  — Located  earthquake*.  January  1983.  Kj Lauea  caldera,  eaM  nft  zoo t.  and  south  Rank.  A,  Distribution  of  epK enters.  Crow  wrtion  RR  attown  m ficire 
17.86.  B.  Depth-distance  distribution  of  hypocentm,  projected  onto  line  R R' . 


the  south-flank  feature1  may  indicate  that  the  Puu  Kamoamoa  Puu 
Kahaualea  area  has  had  a magma  reservoir  for  two  decades  or 
more.  Two  alternative  explanations  are  that  the  south-flank  seismic 
gap  represents  either  a zone  of  aseisnuc  slip  or  a locked  zone  that 
could  yield  abruptly  to  cause  a large  earthquake.  Neither  of  these 
alternatives  has  a genetic  or  predictive  relationship  to  the  region  of 
postulated  magma  storage  in  the  rift  zone. 


EPISODIC  CENTRAL-VENT  ERUPTIONS: 
EPISODES  2-20 

LOCATION,  EPISOD1CITY.  AND  LAVA-DISCHARGE  RATE 

During  episodes  2 and  3,  the  1 123  vent  was  the  mam  eruptive 
vent,  producing  major  flows  that  extended  northeast  within  the  rift 
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zone  and  southeast  to  the  Royal  Gardens  subdivision  (Eg.  1 1.2\ 
Less  voluminous  eruption  also  occurred  in  the  area  where  Puu  Oo 
would  subsequently  grow.  Beginning  with  episode  4,  the  Puu  Oo 
vent,  supplemented  on  a few  occasions  by  nearby  local  fissure  vents, 
was  the  sole  eruptive  locus.  During  episodes  4 and  5,  the  major 
flows  emerged  from  the  south  flank  of  Puu  Oo  and  traveled  southeast 
toward  Royal  Gardens.  Thereafter,  the  major  flows  emerged  from 
the  northeast  flank  of  Puu  Oo.  Many  extended  into  dense  forest 
north  of  Puu  ICahaualea;  others  turned  southeastward  and  advanced 
down  the  south  flank  toward  the  ocean. 

An  episodic  pattern  quickly  developed  (table  17.1,  fig. 
17. 15).  Eruptive  episodes,  which  ranged  in  length  from  9 hours  to 
12  days,  were  characterized  by  high- volume  discharge  of  lava  flows, 
vigorous  fountaining,  rapid  summit  subsidence,  and  strong  harmonic 
tremor  in  the  vent  area.  Repose  periods,  which  ranged  in  length 
from  8 to  65  days,  were  characterized  by  reinflation  of  Kilaueas 
summit  and  weak  harmonic  tremor  in  the  vent  area;  at  times  the 
upper  surface  of  a magma  column  was  evident  in  the  conduit  beneath 
the  vent.  The  pattern  was  strikingly  similar  to  that  of  the  first  7 
months  (May-December  1969)  of  the  1969-71  Mauna  Uhl 
eruption  (Swanson  and  others.  1979);  However,  after  12  episodes 


with  rapid  discharge  and  high  or  sustained  fountaining.  the  style  of 
eruption  at  Mauna  Ulu  changed  to  one  dominated  by  steady  slow 
discharge  that  built  the  Mauna  Ulu  shield  and  transported  large 
volumes  of  pahoehoe  great  distances  from  the  vent  through  lava  tubes 
(Tilling  and  others,  chapter  16;  Peterson  and  Swanson.  1974; 
Peterson,  1976;  Swanson  and  others,  I979X  In  contrast,  the 
episodic  Puu  Oo  eruption  has  continued  through  episode  20  and 
beyond  (33  episodes  as  of  June  I965X  producing  one  of  the  largest 
vent  structures  at  Kilauea  Volcano  and  creating  an  extraordinary 
complex  of  interleaved  aa  flows  (fig.  17.2X 

Both  the  duration  of  repose  between  eruptive  episodes  and  the 
volume  discharged  during  eruptive  episodes  varied  significantly. 
Nevertheless,  a striking  regularity  developed  (fig.  17.16)  that  was 
particularly  pronounced  during  episodes  4-12  and  13-17.  During 
those  two  intervals,  the  time  from  the  end  of  one  eruptive  episode  to 
the  end  of  the  next  varied  from  9 to  31  days  (from  data  of  table 
17.1)  and  averaged  19  ±7  (1  standard  deviation)  days;  erupted 
volumes  of  lava  ranged  from  6 to  HxK^m3  and  averaged 
10  ± 3 X I06  (I  standard  deviation)  m*  These  intervals  were  times 
of  slightly  higher  than  normal  supply  of  lava,  averaging  about 
15.7  X KPmVmo,  This  difference  is  due  largely  to  abnormally 
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Fit. URL  17.9. — Sp+ce-lmw  diagram  of  earthquake  epicenter*  in  the  summit,  upper  and  middle  east  nft  rone,  and  adjacent  part  of  the  south  flank.  Kilaura  Volcano,  for 
December  1982  through  March  1983.  Rptcmtcrc  projected  onto  an  east-west  line. 


prolonged  repose  before  episodes  4 and  1 3.  For  comparison,  during 
the  12  episodes  of  sustained  fountaining  that  occurred  in  the  early 
months  of  the  1969-71  Mauna  Ulu  eruption,  lava  was  delivered  to 
the  surface  at  an  approximate  rate  of  10  X KPmVmo.  During  that 
period,  average  erupted  volumes  and  average  recurrence  intervals  at 
Mauna  Ulu  were  also  smaller  than  for  the  Puu  Oo  eruption  (fig. 
17.16). 

As  the  f\u  Oo  eruption  went  on.  the  durations  of  individual 
episodes  tended  to  decrease  and  the  discharge  rates  to  increase 
(table  17.1,  fig.  17.17);  thus  comparable  volumes  of  lava  were 
delivered  more  rapidly  in  successive  episodes.  Presumably  this 


reflected  progressive  enlargement  and  streamlining  of  the  conduit 
system  between  the  summit  reservoir  and  the  vent  area. 

MAGMA  SUPPLY  TO  THE  VOLCANO 

Swanson  (1972)  examined  the  rate  of  lava  production  dunng 
three  long  eruptions  of  Kilauea — the  1952  Halemaumau  eruption, 
the  1967-68  Halcmaumau  eruption,  and  the  1969-71  Mauna  Uhl 
eruption — that  were  characterized  by  minima]  net  change  in  the 
degree  of  summit  inflation  as  indicated  by  the  summit  tih  record. 
Assuming  that  minimal  net  tih  change  at  the  summit  implied  minimal 
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1 10  20  30 

JANUARY  1983 

Figure  17.10.  — Easl-wat  summit  till  record  (Hg  capacitance  tiltmeter  at 
Uwekabuaa)  and  episode  I eruptive  periods,  Puu  Oo  eruption,  January  1963. 
Increasing  values  indicate  westward -directed  (inflationary)  t»h  change;  decreasing 
values  indicate  eastward-directed  (deflationary)  till  change.  Full  magnitude  at  tilt 
change  from  January  5 through  January  7 it  greater  than  shown  because  cf 
nonhnear  response  af  tihmeter  to  Ult  change  during  that  penod. 


change  in  the  stored  volume,  he  concluded  that  the  erupted  volumes 
approximated  the  supply  of  magma  from  the  mantle.  Correcting  for 
an  estimated  1 5 percent  vesicularity,  he  calculated  a magma-supply 
rate  of  approximately  9x  I06  mVmo  for  the  three  sustained  erup- 
tions. Before  applying  Swansons  technique  to  infer  magma  supply 
from  the  rate  of  lava  delivery  during  the  FNiu  Oo  eruption,  we 
evaluate  several  factors,  including  the  large  subsidence  related  to 
dike  emplacement  in  episode  I , a long-term  decrease  in  average  tilt 
value,  and  the  correction  for  vesicularity. 

A large  subsidence  of  Kilaueas  summit  occurred  at  the 
beginning  of  the  Puu  Oo  eruption,  and  we  infer  that  a large  volume 
of  magma,  on  the  order  of  100  X K^m3,  remained  in  the  intruded 
dike  and  this  was  not  accounted  for  in  the  measured  volume  of 
episode  I lava.  After  episode  I,  the  much  smaller,  alternately 
inflationary  and  deflationary  tilt  changes  were  roughly  similar  in 
magnitude  and  nearly  cancelled  each  other.  However,  they  were 
superimposed  on  a gradual,  long-term  decrease  in  average  tilt  that 
amounted  to  about  30  microradians  by  the  end  of  episode  20  (fig. 
17.15)  after  correction  for  the  offset  caused  by  the  November  1983 
Mauna  Loa  earthquake.  This  tilt  change  is  equivalent  to  an 
apparent  volume  decrease  of  about  10  X K^m3  of  magma  over  17 
months  (see  discussion  in  subsequent  section  titled  “Relation  of 
Summit  Tilt  Changes  to  Rift- Zone  Activity”),  which  is  within  the 
uncertainty  of  our  volume  measurements.  Furthermore,  in  an  analy- 
sis of  deformation  and  gravity  data  for  the  caldera  region,  Johnson 
(chapter  47)  found  that  cross-caldera  distances  measured  perpen- 
dicular to  the  coast  have  been  steadily  increasing  at  a rate  of  about  2 
microstrain  (parts  per  million)  per  month.  Thus  the  subsidence 
indicated  by  gradually  decreasing  average  tih  values  may  not  reflect 
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, 1-7.  1983. 

Epicenters  projected  onto  a line  parallel  to  the  axis  of  the  middle  east  nft  rone.  A downnft  migration  rate  of  0.7  km'h  u inferred  for  the  leading  edge  of  the  concentrated 
zone  of  shallow  earthquakes  during  the  morning  of  January  2-  I >»cabon  accuracy,  based  on  horizontal  and  vertical  standard  error  (Klein,  1978)  for  these  earthquakes,  u 

1 1 km. 


Digitized  by  Google 


.OC  CO.SSI 


486 


VOLCAN15M  IN  HAWAII 


Digitized  by  Google 


17.  THE  PUU  OO  ERUPTION  OF  KILAUEA  VOLCANO,  EPISOOES  1-20,  JANUARY  3,  1963,  TO  JUNE  8.  1984  487 


JANUARY  1983 

FIGURE  17.13.  — Sp*ce-tin*  dugrAin  ibowing  vent  activity  for  January  3- IS,  epiaock  I of  the  Puu  Oo  erupOoe  Approximate  locabooa  of  center*  of  bdrodual  eruptive 

hwure  segments  shown  by  dbtance  downnft  from  the  Napau  Crater  vent*. 


a reduction  in  reservoir  magma  volume  but  rather  a gradual  change 
in  shape  resulting  from  southeastward  extension  of  the  summit 
region.  In  addition,  repeated  gravity  surveys  from  the  beginning  of 
1984  through  the  time  of  writing  (May  1985)  have  shown  no  long* 
term  change  in  mass  in  the  summit  region,  indicating  that  the  average 
reservoir  magma  volume  remained  constant.  We  ignore  both  this 
gradual  long-term  subsidence  and  episode  I with  its  dike  emplace- 
ment in  applying  Swansons  technique  for  determining  magma  supply 
to  the  ftiu  Oo  eruption. 


The  Puu  Oo  flows  are  dominantly  vesicular  rubbly  aa.  Aver- 
age bulk  densities  of  1 .94  and  2.17  g/cm3  were  determined  from  the 
results  of  two  gravimeter  and  spirit-level  profiles  across  the  surface  of 
an  episode  3 aa  flow  where  it  overlies  paved  streets  in  a subdivision 
(D.J.  Johnson,  written  commun.,  December  1984).  These  values 
suggest  that  the  porosity  is  approximately  25  percent.  Multiplying 
the  average  monthly  lava  supply  of  1 3. 4 X 1 06  m3  by  0. 75  to  correct 
it  to  its  dense-rock  equivalent  gives  a rate  of  10  X I06m*/mo  of  void- 
free  lava.  Thus,  we  infer  an  average  magma -supply  rate  for  episodes 
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FIGURE  17.14. — Subsidence  and  tih  in  die  Kiiaura  summit  region  during  the  period  from  September  27— October  5,  1982,  to  February  7-11,  1983.  Contours  show 

relative  elevation  change. 


2-20  of  approximately  10  X l06mVmo.  Because  volume-measure- 
ment errors  may  amount  to  10  percent,  this  supply  rate  for  the  Puu 
Oo  eruption  is  compatible  with  the  rate  determined  by  Swanson 
(1972)  for  other  periods  of  sustained  eruption.  A slightly  higher 
rate,  approximately  II.0X  I06m3/mo.  may  be  represented  by  the 
intervals  encompassing  episodes  4-12  and  13-17.  The  limited 
variation  in  recurrence  interval  and  erupted  volume  (hg.  17.16) 
during  those  intervals  indicates  that  an  approximately  steady-state 
condition  had  developed  in  the  magma  supply  and  transport  system. 


The  question  remains  whether  the  Puu  Oo  magma-supply  rate 
of  at  least  10  X l06mVtno  represents  a period  of  elevated  supply. 
Dzurisin  and  others  (1984)  reviewed  magma-supply  estimates  more 
recent  than  Swansons  ( Dzurisin  and  others,  I960;  DufBeld  and 
others.  1982;  Dvorak  and  others,  1983).  They  found  a range  of 
from  6x  106  to  9x  106m3/mo  and  concluded,  from  their  analysis 
of  the  summit  tilt  record,  that  7.2xl06m3/mo  is  a reasonable 
minimum  value  for  the  average  supply  of  magma  from  1 956  through 
1983.  Uncertainty  arises  from  the  possible  addition  of  undetected 


Digitized  by  Google 


17.  THE  PUU  OO  ERUPTION  OE  KILAUEA  VOliANO.  EPISODES  1-20.  JANUARY  3.  1903.  TO  JUNE  8.  I9M 


489 


TaB1£  17.1. — Emotion  data  for  epuodez  1-20,  Puu  Oo  eruption,  Kilauea 

(All  lanes  *re  n Hawaii  tlandard  date  (H.t.t.X <1x1  not  occur  or  wu  Ml  observed) 


Epwodr 

Pirn  report 
of  low-level 
eruption1 

Beginning  of 
eruption*' 

End  of 
ijgMU 
rrvpOon* 

Duration  of 
vtftirous 
eruption 

(hour*  I 
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covered 
(10*  oa*i 
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(10*  nt>) 

Discharge 

rate4 

(KM  »»'V 
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43 

43 
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42 
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1123 

30 
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31 
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19 
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’6 
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15 

Feb  3 
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14 
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15 
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19 
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8 
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16 
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30 

0448 
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23 
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10 
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18 
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7 
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9 
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■For  rpnotk  I,  low-irvrl  eruption  rclm  lo  a period  of  prolonged  alow  extruaioo  averaging  approximately  l ,400m1'  h t from  February  10  to  2).  1VKS.  For  eptiodes  >-20.  it  refer*  to  a period, 
preceding  mapor  eruption,  during  which  any  or  all  of  the  following  phenomena  were  ofeaerved  ax  the  active  vent,  intermittent  gas  pusron  activity,  intermittent  spattering,  occasional  exiruuon  of  small 
pahoehoc  Horn,  occurrence  of  a visible  lava  surface  ( sometime*  partly  crusted)  in  the  conduit  extending  downward  from  the  crater  Door  Normally,  low-level  eruptive  activity  waa  confined  to  ibe 
intenor  of  the  crater,  but  on  rare  occasion*  short  lived  pahochoc  Dow*  spilled  from  Puu  Oo 

'Normally,  the  onset  of  vigorous  eruption  was  recognized  in  tbe  following  wavs  (order  indicates  priority):  ill  direct  observation  of  continuous  emission  of  lava  from  die  crater.  (2)  UtaeUpse 
camera  record  of  beginning  of  continuous  emission  of  lava  from  crater;  ( 3)  where  spillway  activity  was  not  recorded , time-lapse  camera  record  of  int  appearance  of  fotutaining  above  the  crater  rim,  (41 
beginning  of  rapid  increase  m harmonic  - tremor  amplitude 

’The  end  of  vigorous  eruption  was  rtcogaued  in  tbe  following  ways  (order  indicates  priority):  (I  !■  direct  observation  of  the  cessation  of  lava  discharge ; (2)  time -lapse  camera  recced  of  cessation  of 
foun taming;  (3)  rapid  decay  of  harmonic  tremor  amplitude. 

’Discharge  rate  n calculated  only  for  period  of  vigorous  eruption.  Except  for  episode  2.  tbe  volume  of  lava  erupted  during  periods  of  low-level  activity  was  negligible 

’Epwodc  1 was  characterized  by  iatentullcni  eruptive  activity  for  nearly  three  weeks  Periods  of  active  eruption  totalled  approximately  99  hours.  The  last  suesbk  event  occurred  oo  January  IS;  a 
minor  one  occurred  on  January  23 

’During  episode  2.  approximately  0 5 * 10* m3  of  basalt  was  discharged  during  Ion-level  eruption  from  February  10  to  2V  The  remaining  13.4*  10* m1  waa  discharged  during  the  period  of 
vigorous  eruption  at  a rate  of  approaimately  ?0,000ffl,|h 

’Flow  was  partly  buried  by  younger  basalt  before  it  could  be  mapped  Thus  uncertainty  t*  increased  in  estimates  of  area,  volume,  and  discharge  rale. 

'Fountaiaiag  and  flow  production  during  episode  13  occurred  in  two  main  periods.  The  hrst , approximately  31  hours  long,  was  separated  by  about  $ hours  from  the  6- hour  king  second  period 

’Epvsode  19  «n  characterized  by  low  fountain  activity  and  intermittent  loss-  volume  overflows  from  the  lava  pond  within  the  crater  of  Puu  Do.  This  activity  was  interrupted  by  four  periods  1 — 3 la 
long,  totaUing  about  7 hour*  altogether,  of  higher  fountaiaiag  and  increased  lava  discharge  estimated  as  about  100-200  * 10‘m1-  hr 


magma  lo  rift-zone  storage.  Furthermore,  Tilling  and  others  (chap-  j 
ter  1 6)  recognized  two  distinct  episodes  during  the  latter  part  of  the  1 
Mauna  Ulu  eruption,  February  1972  through  April  1973  and 
December  1973  through  July  1974,  in  which  sustained  lava  extru- 
sion coincided  with  negligible  summit-tilt  change.  During  the  earlier 
episode,  the  lava -extrusion  rate  was  about  8xl06mJ/roo;  during 
the  later  one,  it  was  4x  KK’nP/mo.  Neither  value  is  corrected  for 
vesicularity.  R.I.  Tilling  (oral  commun. . May  1985)  regards  the 
values  as  minimum  estimates  of  magma-supply  rate  because  of  the 
unevaluated  possibility  that  magma  was  being  stored  in  the  upper 
east  rift  zone  during  the  1972-74  Mauna  Ulu  eruption. 

The  data  summarized  above  are  only  permissive  evidence  that 
the  Puu  Oo  eruption  coincided  with  a period  of  greater  than  normal 
magma  supply.  More  substantial  support  may  come  from  measure- 
ment of  S02  flux  to  the  atmosphere  in  the  Kilauea  summit  area.  The 
average  flux  increased  abruptly  after  the  beginning  of  the  eruption  in 
January'  1983  from  130  l/d  to  250  t/d;  the  elevated  flux  was 
maintained  through  at  least  episode  20  (fig.  17. 18;  Greenland  and 
others,  1985).  The  near  coincidence  of  the  S02-flux  change  with  the 
beginning  of  the  Puu  Oo  eruption  strongly  suggests  that  the  two 


| events  were  related.  The  increased  S02  flux  may  have  been  a direct 
1 and  rapid  response  to  an  increased  rale  of  supply  of  new  magma  to 
the  summit  reservoir;  if  so,  the  Puu  Oo  eruption  coincided  with  a 
period  of  increased  magma  supply. 

CHARACTER  OF  THE  CENTRAL-VENT  ERUPTIONS 

Central-vent  eruptions  occurred  during  episodes  2 through  20. 
A nearly  vertical  pipe- like  conduit  delivered  a spray  of  gas  and 
fragmented  vrsiculating  magma  through  a vent  in  the  floor  of  a broad 
crater  within  a growing  pyroclastic  cone.  Directed  upward  as  a jet, 
the  spray  formed  the  fountain  that  was  invariably  present  in  the 
central- vent  eruptions.  Initial  fallout  from  the  fountain  built  a spatter 
ring,  which,  in  repeated  eruptive  episodes,  grew  upward  and 
outward  by  the  addition  of  spatter,  rootless  flows,  and  unconsoli- 
dated lapilli  and  bombs. 

The  crater  of  Puu  Oo  evolved  to  a broad  bowl  mostly  enclosed 
by  steep  walls.  The  diameter  of  its  gently  sloping  floor  gradually 
increased  from  about  20  m lo  1 00  m.  A deep  breach  that  developed 
in  the  crater  wall  provided  a passage  through  which  lava  left  the 
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FIGURE  17.15. — Essl-wat  tih  «i  Kihuea  wamt  (meastred  by  i be  Uwrkabma  Hg -capacitance  tillroeterX  eruptive  episodes  (full-  height  bar* l and  observed  rcpose-penod 
eruptm  activity  (half  Kogbl  ban)  durmg  rpuodes  1-20  of  the  Puu  Oo  eruption  and  the  firs!  rtage  of  the  1969-71  Manna  Uhl  eruption  (Swenson  and  other*. 
1979} 


crater.  The  floor  of  the  breach  was  generally  5-15  m higher  than  the 
crater  floor. 

Before  episode  13,  nibble  on  the  crater  floor  concealed  the 
feeder  conduit  during  roost  periods  of  repose.  From  episode  1 3 on,  a 
persisting  vertical  and  nearly  cylindrical  conduit  about  20  m in 
diameter  was  revealed.  Its  walls  exposed  crudely  layered  platy  to 
mbbly  basalt;  at  its  top,  the  pipe  flared  upward  to  meet  the  crater 
floor  and  was  commonly  draped  with  pahoehoe. 

During  eruptive  episodes,  the  crater  contained  a lava  pond  and 
one  or  more  fountains.  The  pood  overflowed  at  the  breach  in  the 
crater  rim.  Normally  the  spillway  at  the  breach  was  fairly  con- 
stricted, so  that  the  surface  of  the  hydraulically-dammed  pond  was 
several  meters  higher  than  the  floor  of  the  spillway.  We  estimate  that 
the  pond  was  normally  at  least  10— 20m  deep.  When  high,  broad 
fountains  seemed  to  rill  the  crater,  we  could  not  see  the  pond,  but 
continuing  flow  of  lava  over  the  spillway  indicated  its  presence. 
However,  flows  produced  during  such  periods  were  sometimes  more 
sluggish  than  when  a well-developed  pond  was  seen  to  be  present. 


Though  the  pond  shared  the  crater  with  a vigorous  fountain,  it 
maintained  a fairly  smooth  surface  that  was  commonly  marked  by  a 
thin,  flexible  skin  of  slightly  cooled  lava  undisrupted  by  efferves 
cence.  We  infer  that  the  pond  consisted  of  mostly  degassed  lava  that 
had  coalesced  from  fragmented  melt  in  the  crater  and  the  upper  part 
of  the  conduit. 

Fountains  at  the  central  vents  during  episodes  2-20  ranged  in 
height  from  a few  meters  during  periods  of  slow  discharge  to  a 
maximum  of  nearly  400  m.  In  some  of  the  eruptive  episodes  at  Puu 
Oo,  as,  for  example,  episode  16.  the  fountain  was  highest  in  the 
early  hours  (fig.  1 7.19);  tbs  suggests  that  volatiles  may  have  become 
more  highly  concentrated  in  the  upper  part  of  the  conduit  beneath  the 
vent  during  periods  of  repose. 

Fountain  height  was  related  at  least  in  part  to  the  rate  of 
discharge.  During  both  episodes  2 and  3,  fountain  height  at  the 
1123  vent  approximately  doubled  in  concert  with  2-  to  3-fold 
increases  in  lava  output.  From  episode  4 on,  at  Puu  Oo,  we 
normally  saw  no  abrupt  changes  in  discharge  during  an  eruptive 
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FIGURE  17. 17. — Am»jr  lin-dudwir  rale  for  etdi  of  rpuodes  1-20,  Puu  Oo 
rrupbor,  plolled  ■gaimt  troe. 

episode,  but  the  rale  was  greater  in  successive  episodes  (hg.  1 7. 1 7)i 
Average  fountain  height  at  Puu  Oo  correlated  roughly  with  average 
discharge  (fig.  I7.20X  but  appreciable  scatter  resulted  from  effects 
that  may  have  included  changing  conduit  conditions,  enrichment  of 
gas  during  repose  periods,  and  damping  of  fountains  by  coalesced 
melt  within  the  crater  and  upper  part  of  the  conduit. 

Normally,  each  central-vent  fountain  episode  produced  one  or 
more  major  elongate  aa  flows  supplied  by  a river  of  fluid  pahochoe 
that  originated  from  the  steady  overflow  of  the  pond.  Subordinate 
flows  originated  mainly  from  persistent  near-vent  overflows  of  the 
river  and  from  mobilization  of  molten  spatter  that  accumulated  either 
rapidly  or  persistently  on  the  flanks  of  the  cone. 

The  river-fed  flows  evolved  downstream  through  a similar 
progression  of  zones  as  that  recognized  in  the  aa  lobes  of  the  1984 
Mauna  Loa  eruption  (Lipraan  and  Banks,  chapter  57).  As  at 
Mauna  Loa,  fluid  channelized  lava  near  the  vent  was  inflated  by  gas 
but  rapidly  deflated  downstream.  The  sustained  cascade  of  spatter 
and  the  turbulence  where  the  fountain  burst  from  the  pond  appar- 
ently churned  vent  gases,  including  air,  into  the  lava  supplying  the 
pond.  Thus  the  pond  was  a continuing  source  of  gas-rich  fluid  melt 
and  was  apparently  fundamental  in  developing  the  long  river-fed  aa 
flows  at  Kilauea.  Minimal  development  of  the  pond,  such  as  during 
periods  of  high  fountaining,  was  associated  at  tunes  with  production 
of  less  fluid  flows.  Furthermore,  supply  from  a fountain  with  no 
basin  or  pond  often  produced  thick,  slow- moving  aa  directly. 

Generally,  the  major  flows  were  4- 8 km  long  and  from 
100-500  m wide.  A few  flows  were  significantly  longer;  the 
longest,  produced  during  episode  18,  amended  more  than  13km 
from  the  vent  (fig.  1 7.2).  The  average  thickness  of  most  of  the  river- 
fed  aa  flows  was  between  approximately  3 and  5 m.  However,  the 
range  of  measured  thicknesses  was  greater;  locally,  the  distal  parts  of 
some  flows  were  as  thick  as  10  m.  The  major  river-fed  flows 
advanced  at  average  rales  of  50-500m/h.  Surges  of  fluid  lava  at 
the  flow  fronts  (Neal  and  Decker,  1983)  resulted  in  more  rapid 
advances  that  were  sustained  for  tens  of  minutes  at  rates  of  as  much 


FIGURE  17-18.  — Total  sulfur  cboxidr  (SO/)  Dux  from  summit  funuoln  of  Kilauea 
Volcano,  April  1982  through  June  1984.  based  on  ground  measurements 
Horizontal  hnn  show  change  on  average  ftux  after  the  beginning  of  the  Pint  Oo 
eruption  in  January  1983.  Modified  from  Greenland  and  others  (1985);  data 
attended  through  June  1984  by  L.P.  Greenland. 


as  2 km/h.  Significant  flow  movement  stopped  when  the  lava  supply 
was  cut,  generally  at  the  vent  but  sometimes  by  diversion  to  a new 
flow.  After  the  supply  was  terminated,  however,  slow  creeping  of  the 
front  sometimes  continued  for  hours. 

Low-level  eruptive  activity  was  evident  during  many  repose 
periods.  At  Puu  Oo,  it  was  dominated  by  two  phenomena;  the 
gradual  ascent  of  the  magma  column  toward  the  surface  and  gas- 
piston  activity  much  like  that  seen  at  Mauna  Ulu  (Swanson  and 
others,  1979).  After  the  open  conduit  descending  from  the  crater 
floor  became  a permanent  feature  following  episode  1 3,  we  could  see 
that  the  magma  column  surface  rose  gradually  and  sometimes  spas- 
modically toward  the  crater  floor  during  each  repose  period.  If 
visibility  was  good,  we  would  first  see  the  top  of  the  column  when  it 
was  about  50  m down  the  conduit;  the  first  sighting  usually  oc  or  red 
at  least  5 days  and  sometimes  more  than  3 weeks  before  the  next 
major  episode  (fig.  17.15). 

We  were  able  to  watch  the  beginnings  of  several  of  the 
fountaining  episodes  a!  Puu  Oo.  First  the  crater  filled  with  lava, 
which  steadily  overflowed  the  spillway.  Gas-piston  activity,  if  it  had 
been  occurring,  gave  way  to  an  open,  roiled  pond  with  a low  dome 
fountain.  Over  a period  ranging  from  tens  of  minutes  to  about  two 
hours,  the  rate  of  overflow  progressively  increased  from 
I-I0x  KPmVh  to  normal  discharge  rales  of  100 X KPmVh  or 
more.  At  the  same  lime,  the  height  of  the  fountain  increased  from 
less  than  10m  to  tens  or  hundreds  of  meters. 

Central-vent  activity  at  the  1 1 23  vent  during  episodes  2 and  3 
died  gradually,  as  indicated  by  progressive  decrease  of  fountain 
vigor  during  the  last  day  of  each  episode.  In  contrast,  eruptive 
episodes  at  the  Puu  Oo  vent  ended  more  abruptly.  Sometimes  the 
eruption  suddenly  stopped  with  no  warning.  More  often,  the 
fountain  diminished  and  became  less  steady  in  the  last  3—  1 0 minutes 
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of  the  episode;  during  that  brief  period,  we  sometimes  saw  pauses  of 
a few  seconds  or  tens  of  seconds  in  fountain  and  flow  production. 
Normally  the  output  of  lava  from  Puu  Oo  was  steady  until  the 
terminating  moments  of  fountain  activity,  after  which  no  further 
discharge  occurred. 

SEJSMIC  EFFECTS  IN  THE  ERUPTION  ZONE 

Intense  harmonic  tremor  occurred  in  the  vent  area  coincident 
with  vigorous  eruption.  However,  the  amplitude  of  the  harmonic 
tremor  did  not  vary  systematically  with  major  changes  in  fountain 
height  during  individual  eruptive  episodes  (fig.  17.19).  Throughout 
the  central- vent  activity,  the  amplitude  showed  a positive  correlation 
with  discharge  (fig.  17.21)  but  not  with  the  average  fountain  height 
(fig.  1 7.22X  Thus,  the  recorded  tremor  reflected  primarily  processes 
at  levels  deeper  than  those  from  which  fountaining  originated.  The 
symmetry,  with  respect  to  Puu  Oo,  of  tremor-attenuation  patterns 
implies  that  the  tremor  source  and  the  vent  were  vertically  aligned, 
but  the  depth  of  the  tremor  source  is  uncertain. 

Harmonic  tremor  continued  at  low  amplitude  throughout 
repose  periods  and  increased  rapidly  at  the  beginning  of  each 
episode  of  fountaining.  Relatively  deep  south-flank  earthquakes 
continued  throughout  the  period  of  central-vent  activity,  but  there 
was  no  shallow  seismic  swarm  like  that  during  emplacement  of  the 
dike  in  episode  1 . We  infer  from  the  absence  of  seismic  swarms  after 
episode  1 and  also  from  the  continuous  harmonic  tremor  and  visible 
evidence  of  magmatic  activity  during  repose  periods  that  a continu- 
ous magma-filled  conduit  between  the  summit  reservoir  and  the  vents 
persisted  after  episode  I. 

GEODETIC  EFFECTS  IN  THE  ERUPTION  ZONE 

Geodetic  measurements  in  the  eruption  zone  were  limited  by 
the  difficulty  and  expense  of  obtaining  access  and  by  burial  of 
measurement  stations  by  new  lava  flows.  However,  two  major 
inferences  for  the  period  of  central-vent  activity  can  be  made  from 
the  available  data:  (I)  over  the  long  term,  slight  net  deflation 
occurred;  (2)  over  the  short  term,  gradual  inflation  accompanied 
repose  periods,  and  abrupt  deflation  accompanied  eruptive  epi- 
sodes. 

Measurements  at  a spirit-level  tik  station  about  1.5  km  north- 
west of  Puu  Kamoamoa  showed  that  the  ground  tiked  northwest- 
ward, away  from  the  rift-zone  axis,  during  the  early  part  of  the 
eruption  (table  I7.2X  The  major  change  between  December  15, 
1982,  and  January  18,  1983,  undoubtedly  reflects  deformation 
resulting  from  emplacement  of  the  dike  in  early  January.  A smaller 
change  between  January  18  and  March  8,  1983,  may  record 
inflation  of  the  rift  zone;  a measured  distance  across  the  eruptive 
fissure  farther  downrift  near  Puu  Kahauaiea  gradually  lengthened 
during  the  same  period.  During  episode  3,  however,  the  ground 
tiked  12  |xrad  southeastward  toward  the  rift  axis,  consistent  with 
subsidence  there.  Measurements  made  after  episode  3 and  again  1 6 
months  later  after  episode  24  show  an  additional  19  prad  of  tilt 
toward  the  rift-zone  axis. 


The  automatic  borehole  tiltmeter  250  m northwest  of  Puu 
Kamoamoa  operated  during  episodes  I -10  and  from  shortly  after 
episode  15  through  episode  20.  No  recognizable  tik  change  was 
associated  with  episode  2.  However,  beginning  with  southeast- 
directed  tilt  during  episode  3,  the  ground  normally  tilted  gradually 
northwest  dunng  repose  periods  and  rapidly  southeast  during 
periods  of  fountaining  (fig.  1 7.23X  These  opposed  tilt  changes  were 
commonly  of  similar  magnitude,  in  the  range  of  3-9  p.rad,  and 
were  directed  approximately  normal  to  the  rift-zone  axis.  They 
presumably  recorded  alternating  inflation  and  deflation  in  the  rift 
zone  near  Puu  Kamoamoa.  The  largest  deflations  occurred  during 
episodes  3 and  18,  which  were  the  most  voluminous  eruptions  (table 
1 7.  IJ  No  detectable  tilt  change  occurred  during  episode  19. 


SUMMIT  BEHAVIOR 

Repeated  uplift  and  subsidence  of  Kilauea  s summit  region, 
recorded  by  the  rising  and  falling  trace  of  the  Uwekahuna  tikmeler 
(fig.  I7.I5X  dominated  summit  response  to  the  episodic  eruptions. 
Summit  inflation  occurred  during  repose  periods  and  was  accom- 
panied by  increasing  numbers  of  shallow,  short-period  earthquakes 
beneath  Kilauea  caldera  (fig.  17.24X  Daily  frequency  of  earth- 
quakes generally  increased  to  a maximum  of  100-200  in  the  latter 
part  of  each  repose  period,  then  decreased  sharply  during  and 
following  the  deflation.  The  earthquakes  apparently  recorded  frac- 
turing of  country  rock  as  it  adjusted  to  distention  of  the  summit 
reservoir. 

Shallow  long-period  earthquakes,  intergradational  with  related 
harmonic  tremor,  were  abundant  beneath  the  caldera  dunng  the  later 
parts  of  summit  subsidence  and  the  early  parts  of  the  repose  periods. 
Before  episode  8,  the  daily  number  of  long-pen od  earthquakes 
seldom  exceeded  100,  but  thereafter  peak  counts  of  many  hundreds 
of  events  per  day  were  normal  (fig.  1 7.24X  Greater  intensity  of  long- 
penod -earthquake  activity  was  associated  with  higher  rates  of 
sustained  deflation.  Thus  the  long- period  events  and  associated 
tremor  in  the  caldera  area  were  apparently  responses  to  rapid 
evacuation  of  magma  from  the  summit  reservoir. 


RELATION  OF  SUMMIT  TILT  CHANGES  TO  RIFT-ZONE 
ACTIVITY 

COMPARISON  OF  SUBSIDENCE  AND  LAVA  DISCHARGE 
RATES 

The  average  rate  of  summit  subsidence  as  reflected  m tik 
changes  at  Uwekahuna  (fig.  17.25)  increased  steadily  from  episode 
2 through  episode  8.  Unlike  the  lava -discharge  rate,  which  con- 
tinued to  increase  thereafter  (fig.  17. 17X  the  subsidence  rate  later 
was  vanabie  and  appeared  to  peak  at  an  upper  limit  of  about  0. 5 
prad/h.  In  the  following  section  we  discuss  some  possible  reasons 
for  such  a variable  relationship  between  summit  tik  change  and 
erupted  volume.  Dvorak  and  Okamura  (in  press)  attribute  the  early 
increase  in  deflation  rate  to  progressive  decrease  of  flow  resistance  in 
the  conduit  system.  We  agree  and  interpret  the  continued  increase  in 
effusion  rale  to  indicate  that  the  efficiency  of  magma  delivery  to  the 
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AMPLITUDE  TREMOR,  FOUNTAIN  HEIGHT,  IN  METERS 


FlGUHE  17. 19.  — Fountain  height  And  amplitude  of  vmt  mpj  harmonic  tremor  recorded  by  KiMnnmrtPf  At  Makaopuhi  CratoT.  episodes  16  and  17.  Puu  Oo 
eruption.  Fountain  height  wu  measured  from  time  lapse  film  records,  (japs  m fountain  height  data  record  periods  of  poor  visibility  or  inoperative  camera. 
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FlC.URE  17.22. — Average  harmonic -tranor  amplitude,  measured  « ground  du- 
ple, L.RF.  17.20. — Average  fountain  height  venui  average  dwcharge  rate  at  Puu  Oo.  placement  at  the  Makaopuhi  Crater  seumometer,  versu*  average  fountain  height  at 
episodes  4-18  and  20.  Puu  Oo  eruption.  Epttode  19  is  excluded  because  its  P\tu  Oo,  episodes  4-18  aad  20.  Puu  Oo  eruption.  Fountain  height  value  a a 
intermittent  founlainmg  yield*  a meaningie**  average.  Uroe- averaged  anthmetK  mean  of  fountam  height*  measured  from  time  lapse  him 


vent  continued  to  increase  after  episode  8,  even  though  the  rale  of  hit 
change  at  Uwek&huna  did  not. 
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AVERAGE  DISCHARGE  RATE.  IN  THOUSANO 
CUBIC  METERS  PER  HOUR 


FlCUKL  17.21. — Average  harmonic -tremor  amplitude,  measured  at  ground  dis- 
placement at  the  Makaopuh*  Crater  seismometer,  versus  average  discharge  rale  at 
Puu  Oo,  episodes  2-18  and  20,  Puu  Oo  eruption. 


VOLUMETRIC  CONSIDERATIONS 

The  volume  of  lava  erupted  in  each  episode,  adjusted  for  25 
percent  porosity,  ranged  from  approximately  0.3  to  l.0xl06mJ 
per  microradian  of  summit  subsidence  (table  17.3)  measured  on  the 
east-west  component  of  Uwekahuna  tilt  during  episodes  2-20.  The 
average  value  is  0.63  ±0.21  (I  standard  deviation)  X KPmVp.rad. 
The  large  variation  may  reflect  several  factors,  including  variable 
inequality  between  duration  of  eruption  (table  17.1)  and  duration  of 
subsidence  (table  17.3),  nonuniform  summit  response  to  reservoir- 
volume  changes,  variable  rate  of  magma  transfer  from  the  summit 
reservoir  to  the  rift  zone  during  repose  periods,  and  shifting  position 
of  the  center  of  inflation  and  deflation  with  respect  to  the  tiltmeter. 
The  center  erf  deflation  did  in  fact  shift  within  the  region  from  east  to 


TABLE  17.2. — Spint-lcod  bt  measurement!  <4  tkHon  1.5  Ifm  northuxU  of  Puu 
Kamoamoa 


(Vector  a r multi  fivr»  dkrevtioa  el  downward  lilt] 


Survey  period 

Vector 

magnitude 

(pmd) 

Vector 

azimuth 

(degrees) 

12/1S/82-1/I8/83 

48 

292 

1 18  83-3  8 83 

14 

310 

3183-4.2183 

12 

148 

4,21  83-8  23,84 

19 

155 
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1985 

FlcURT  17.23. — East-wed  Himmil  till  and  Kamoamoa  bordholr  till  (north  and 
wed  caapanmUX  rjmodes  15-18,  Pun  Qo  miphon 


south  of  Halemaumau,  as  shown  by  levelling  and  spirit-level  tilt 
surveys  for  the  periods  from  February  7 to  December  28,  1983, 
and  December  28,  1983,  to  July  23,  1984  (fig.  1 7. 26) 

The  first  12  foun  taming  episodes  of  the  1969-71  Maun  a Ulu 
eruption  produced  lava  at  the  rate  of  0.34  ±0.09  X K^mVprad  of 
tilt  change  for  a N.  60°  W.  vector  calculated  from  Uwekahuna 
water-tube  tilt  data  (Dz  unsin  and  others,  1984)  The  first  episode 
had  a much  lower  than  normal  ratio  of  erupted  volume  to  till  change 
and  was  accompanied  by  an  east-rift  earthquake  swarm  (Swanson 
and  others,  1979,  plate  2)  Thus,  some  of  the  volume  of  magma 
involved  in  the  initial  episode  apparently  formed  a dike  and  is  not 
represented  at  the  surface.  Eliminating  the  first  episode  from  consid- 
eration, correcting  for  porosity  (13  percent;  Swanson,  1972)  and 
adjusting  the  vector  from  N.  60°  W.  to  east-west,  we  calculate  a 
ratio  for  episodes  2-12  of  the  1969-71  Mauna  Ulu  eruption  of 
0.35±0.08x  MPm1  of  magma  per  microradian  of  east- west  tilt 
change.  This  is  slightly  more  than  50  percent  of  the  value  for 
episodes  2-20  of  the  Puu  Oo  eruption. 

The  ratio  of  volume  change  to  tilt  change  has  also  been 
estimated  by  considering  surficiaJ  volume  change  at  the  summit, 
determined  from  leveling  surveys,  as  a measure  of  reservoir-volume 
change.  Recent  calculations  of  the  ratio  of  surficial  volume  change  to 
east-west  Uwekahuna  tih  change  are  0.38±0.07x  K^mVprad 
by  Dzunsin  and  others  (1984;  value  adjusted  from  N.  60°  W. 
vector)  and  0,45  ±0. 13  X I06m*/p.rad  by  Dvorak  and  others  (in 
press X 

Johnson  (chapter  47)  attempts  to  relate  elevation  changes, 
Uwekahuna  tih  changes,  and  summit -reservoir  volume  changes 


estimated  from  gravity  measurements  made  from  episodes  1 3-32  of 
the  Puu  Oo  eruption,  and  he  concludes  that  changes  in  reservoir 
volume  may  have  been  appreciably  larger  (perhaps  2.5  times)  than 
measured  surface-volume  changes.  If  this  is  true,  it  could  account  for 
the  high  ratio  of  erupted -magma  volume  to  tik  change  for  the  Puu 
Oo  eruption  (0.63)  compared  to  the  lower  ratio  for  the  early  Mauna 
Ulu  episodes  (0.35)  and  to  the  lower  ratio  calculated  for  surface- - 
volume  changes  (0.38—0.45)  We  note  that  the  ratio  of  erupted 
volume  to  tilt  change  for  Mauna  Ulu  is  slightly  lower  than  the  ratio 
of  surface  volume  to  tik  change;  this  relation  implies  that  average 
reservoir- volume  changes  did  not  exceed  surface- volume  changes 
during  the  early  Mauna  Ulu  episodes. 

As  an  alternative,  we  suggest  that  the  higher  ratio  for  the  Puu 
Oo  eruption  may  have  resulted  from  alternating  additions  to  and 
subtractions  from  rift-zone  storage.  The  rift  zone,  at  least  in  the  Puu 
Kamoamoa  region,  apparently  inflated  and  deflated  in  tandem  with 
Kilaueas  summit  (fig.  17.23)  Thus  we  infer  that  successively- 
accumulated  and  extruded  volumes  were  accommodated  in 
hydraulically  connected  summit  and  rift-zone  reservoirs.  If  this  is 
true,  the  volume  of  magma  supplied  to  Kilauea  during  repose 
periods  was  accommodated  by  volume  increases  in  both  the  summit 
and  rift-zone  reservoirs,  and  the  volume  of  magma  erupted  during 
fountaining  episodes  was  accommodated  by  volume  decreases  in 
both  the  summit  and  rift-zone  reservoirs.  Because  part  of  the  volume 
accommodation  occurred  m the  rift -zone  reservoir  during  Puu  Oo 
eruptive  episodes,  surficial  volume  changes  at  the  summit  and  related 
Uwekahuna  tilt  changes  are  insufficient  measures  of  erupted  volume. 

The  generally  similar  average  ratios  of  volume  to  tilt  change 
determined  for  the  early  Mauna  Ulu  episodes  (0.35)  and  for 
surficial  volume  changes  (0.38-0.45)  represent  about  55-70 
percent  of  the  average  ratio  of  erupted  volume  to  tih  change  (0.63) 
for  episodes  2-20  of  the  Puu  Oo  eruption.  If  the  Mauna  Ulu  and 
surficial  volume  ratios  are  applied  to  Puu  Oo  episodes  as  a measure 
of  summit  reservoir  volume  change,  55-70  percent,  on  the  average, 
of  the  erupted  volume  (considered  vesicle-free)  was  accommodated 
by  summit -reservoir  volume  changes.  The  remaining  30-45  percent 
could  have  been  accommodated  by  changes  in  the  volume  of  rift-zone 
storage. 

We  emphasize  that,  because  of  large  scatter  in  the  ratios  of 
erupted  volume  to  tik  change  for  specific  episodes  (table  17.3) 
estimates  of  reservoir- volume  change  are  at  best  generalized  approx- 
imations. Furthermore,  variations  in  summit -inflation  rate  (compare 
summit  tilt -change  patterns  preceding  episodes  16  and  17,  fig. 
17.24)  including  occasional  deflationary  episodes  during  repose 
periods,  suggest  that  transfer  of  magma  from  the  summit  to  the  nft 
zone  may  have  occurred  during  repose  periods  in  an  irregular  and 
unpredictable  pattern.  Thus,  we  cannot  predict  the  volume  of  rift- 
zone  accommodation  or  the  erupted  volume  for  a single  episode  with 
reasonable  precision  from  the  Uwekahuna  tik  record. 

TIMING  OF  TILT  CHANGES  AND  F-RUPTIVE  ACTIVITY 

During  eruptive  episodes,  changes  in  tik  rate  or  direction  at  the 
summit  were  often  closely  related  to  changes  in  eruptive  activity. 
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Once  the  vent  became  established  at  Puu  Oo.  the  tilt  changes  tended  I 
to  lag  behind  the  changes  at  the  vent  (table  17.3). 

Typically,  such  changes  occurred  only  at  the  beginnings  and 
endings  of  eruptive  episodes.  However,  discharge  stopped  and  then 
resumed  once  during  episode  1 3 and  three  times  during  episode  1 9. 
The  rate  of  tilt  change  at  the  summit  responded  to  each  of  these 
changes  at  the  vent  (fig.  I7.27X  emphasizing  the  effectiveness  of  the 
connection  between  vent  and  summit  areas.  In  each  case,  however, 
the  rate  of  summit  tilt  change  reached  a minimum  several  hours  after 
the  end  of  the  related  fountaimng  event.  Similarly,  the  rate  of  tilt 
change  reached  a maximum  in  each  case  several  hours  after  founlain- 
ing  resumed. 


Figure  17.25. — Amtit  rate  of  deflationary,  fUl  wm  tih  change  at  Uwekabuna 
lihmetrr,  episodes  2-20,  Puu  Oo  eruption. 


FlGUKL  17.24. — East-west  summit  tih,  daily  frequency  of  short-period  and  long  period  caldera  earthquakes,  and  ampkrtude  of  shallow  harmomt  tremor  beneath  Kslaora 

caldera,  episodes  15-17,  Puu  Oo  eruption. 
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Table  17.3.  — Subudcme  and  relation  to  mtpled  volume,  episode*  2-20.  Puu  Oo 
erupbon,  Kdauca 

1 Till  ch«afr  » r*»lw*rd  om  fbr  r*»i-wr»i  component  of  UwrfcahwBa  Ilk  Bruinnm*  U«  11  live 
linn  from  ilirl  of  miptwn  to  Marl  of  accrlrralrd.  Milrinrd  dilMM  f or  mw  rpiwdn. 
wwcrrlainly  irno  from  the  graxhul  nature  of  tbe  o*w1  at  eruption  or  <WU»  tottery  iik  change 
wd  From  the  abreuce  «f  direct  obaervatio*  of  the  onvr*  of  eruption  Endini  la«  t»  the  time 
from  end  of  eruption  to  end  of  deflationary  tilt  chance  Erupted  volume  corrected  to  remove 
25  percent  porosity  | 


tfondc 

Subudenoe 

Erupted  volume 
iJi  change 
(10*  ■>*''!»  rad) 

ijsr 

Dwataon 

Ch) 

Bcxuinm*  tax 

(k) 

Ending  lag 

TbT 

2... 

10.9 

151 

-2.0 

-24.8 

.964 

3... 

28.1 

292 

-1.0 

1.0 

1.014 

4... 

112 

98 

4.6 

3.3 

.735 

5... 

1 1.9 

86 

6.7 

2.2 

819 

6... 

16.2 

72 

3.5 

2.5 

.416 

7 ... 

16.7 

57 

2.3 

3.0 

.630 

8... 

10.0 

23 

5.8 

4.5 

.601 

9... 

14.9 

50 

3.3 

1.7 

.402 

10... 

14.1 

60 

3.9 

2 

.745 

11  ... 

17.4 

41 

2.2 

2 

.517 

12... 

13.8 

37 

.2 

2.3 

.434 

13... 

11.1 

43 

3.6 

4.6 

.676 

14 

9.8 

23 

2.3 

5.7 

.458 

15... 

11.3 

25 

.3 

6.0 

531 

16..  . 

14.8 

33 

1.2 

2.5 

.609 

17... 

10.2 

23 

3.2 

3.6 

.732 

18... 

19.4 

58 

2.0 

.5 

.928 

19... 

4.1 

21 

6.0 

* — 16.8 

366 

20... 

9.4 

18 

.9 

9.6 

318 

■Episode  19 1 ik  I tailed  Irra-pond  activity  and  low- volume  overflows  that  continued  for  a day 
after  tbe  end  of  intermittent  fountain and  high  volume  flow  prod ik lion  Ending  lag  - b. A n 
when  considered  with  respect  to  end  of  high  fountains  and  high  ruhirae  flow  production 


From  episode  3 on,  summit  deflation  continued  for  as  long  as 
several  hours  beyond  tbe  end  of  lava  production  (table  17.3).  From 
episode  4 on,  the  beginning  of  sustained  rapid  deflation  lagged 
behind  the  beginning  of  steady  lava  production.  In  contrast,  we  note 
that,  during  episode  2,  lava  production  continued  for  a full  day  after 
summit  deflation  had  stopped.  The  starts  of  episodes  2 and  3 were 
gradual  and  the  time  relations  therefore  somewhat  subjective  (table 
1 7. 3X  but  our  interpretation  is  that  vigorous  discharge  lagged 
slightly  behind  the  onset  of  rapid  deflation. 

The  approximate  balance  between  Uwekahuna  tilt  changes 
during  repose  periods  and  during  fountaining  periods  for  episodes 
2-20  (fig.  17.15)  implies  that  eruptive  episodes  began  and  ended  in 
response  to  increased  and  decreased  pressure  in  tbe  reservoir  system. 
However,  the  abrupt  terminations  of  fountaining  from  episode  4 oo 
and  the  delayed  response  of  summit  tilt  to  eruptive  changes  suggest 
that  a valve  nearer  to  the  vent  than  to  the  summit  reservoir  was  the 
immediate  control  over  the  timing  of  fountaining. 


EXPLANATION 

• Leveling  bench  mark 

Contour  of  kvrl  change— Dashed  where  approximately 

0 I 1 l located;  hachuret  indicate  direction  of  tubetdenre 

Contour  interval:  A,  25  mm:  8,  10  mm 

Spirit-level  till  Mation  with  direction  and  amount  of  (Ml 
change 

Crater  or  caldera  rtm 


Fk.LKF  17.26. — Cuolimied 


May  16.  1984  May  17 

TIME 

Figure  17.27.  — Hmod*  of  vigorous  discharge  and  variations  hi  rate  cif  summit  tilt 
dungr  for  parts  of  episodes  1 3 and  19,  Puu  Oo  eruption. 


PETROLOGY 

EPISODES  1-3 

Samples  of  lava  erupted  during  episodes  I -3  contain  less  than 
6.8  percent  MgO  (figs.  17.28,  17.29)  and  thus  represent  differen- 
tiated basalt  in  the  terminology  of  Wright  and  Fiske  (1971)  and 
Wright  (1 97 IX  They  are  also  depleted  in  GaO  and  enriched  in 
FeO,  (FeO,  = FeO  + 0.9Fe2O,)  and  in  the  incompatible  ele- 
ments. Following  Wright  and  Fiske  (1971 X we  interpret  this  lava  as 
having  resulted  from  fractionation  of  clinopyroxene  and  plagioclase 
as  well  as  olivine  from  magma  that  had  partly  cooled  and  crys- 
tallized during  prolonged  storage  within  the  rift  zone. 

The  lava  of  episodes  1-3  is  compositionaily  heterogeneous, 
even  among  samples  collected  during  a limited  time  from  a small 
geographic  area.  For  example,  nearly  the  full  compositional  range  of 
lava  sampled  during  episodes  1-3  was  produced  during  episode  I 
within  the  relatively  restricted  area  of  the  0740  and  1 123  vents. 
Thus  the  lava  apparently  originated  from  several  magma  bodies  that 
had  differentiated  to  varying  degrees  within  the  rift  zone.  Partly 
resorbed  xenocrysts  and  reversely  zoned  phenocrysts  are  present  in 
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Figure  17.28.  — Major  oiude  concentration!  in  samples  from  Puu  Oo  eruption  versus  time  of  entptioci  Letters  identify  episodes:  a.  episode  I;  b,  2;  C,  3;  d.  4;  t,  Si  f.  6; 


g.  7i  h.  8. 1.  9; }.  10;  k.  II;  I.  12:  m.  13;  n.  14;  o.  15;  p.  16;  q.  17;  r.  18;  s.  19;  t.  20. 
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FIGURE  1 7.29.  — CaO  vtrsu*  MgO  and  lotal  iron  (FeO,)  u FcO  mm  MgO  foe  iarnplc*  from  r\iu  Oo  eruption.  Arrow*  *how  mineral  control  hne*  calculated  for  *ampl« 
with  the  same  MgO  coatent  ai  the  onjpm  for  the  control  knet  (control  Ime*  have  been  ihiftrd  vertically  to  separate  them  from  the  other  plotted  data  l Solid  line*  connect 
competition  of  MgO-rkh  lava  erupted  late  in  an  episode  with  composition  of  MgO-poor  lava  erupted  early  in  the  succeeding  epuode.  Long -dashed  line  connect*  average 


competition  (*)  for  episode  1-3  lava  (excluding  the  two  most  MgO-nch  sample*) 
Letter*  indicate  episode*  and  capital  letter*  MgO-nch  lava*  » in  figure  17  2fl 

some  of  the  samples,  evidence  that  magma  mixing  had  occurred  to 
produce  hybrid  magmas. 

EPISODES  4-20 

Lava  from  episodes  4-20.  all  of  which  erupted  from  Puu  Oo, 


and  the  most  MgO-nch  f\iu  Oo  lava  composition  and  i*  an  approximate  mixing  lane. 

contains  6.8  percent  or  more  MgO.  The  most  conspicuous  composi- 
tional variation,  which  occurred  within  individual  episodes  5 through 
10  and  to  a lesser  degree  during  episode  18,  can  be  largely 
explained  as  a consequence  of  olivine  fractionation;  thus  the  lava  is 
olivine -controlled  in  the  terminology  of  Wright  and  Fiske  (1971 ) and 
Wight  (1971).  An  additional  subtle  long-term  compositional 
change  is  not  related  to  olivine  control. 
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TABLE  17.4.— Companion  of  early  episode  10  basalt  and  composition  calculated  by 
subtracting  3.74  percent  tctie  episode  9 o£iW  from  ktic  episode  9 basalt 

| VaJae*  (ins  v>  ■ iwij>l  port  rot ) 


ftnwJr  ID  Glicubted  Rcudual 


Onde  hmtk  cumpovtiaa  i.a  nunui  b 


SiO, 30.91  30.88  0.03 

AIjO, 13.71  13.70  01 

FeO,  11.11  11.10  .01 

MgO 7.30  7.30  .00 

C*0 11.09  11.07  .02 

N*jO 2.32  2.33  -.01 

KjO 50  .51  -.01 

TiO,  2.64  2.68  -.04 

Pfic  .25  .26  -.01 

MoO .17  .18  -.01 


Dunng  episodes  5-10  and  18,  a transition  to  more  MgO-rich 
lava  occurred  as  the  eruptive  episode  progressed,  and  all  of  the  other 
oxides  decreased  in  abundance  as  MgO  increased  (figs.  17.28, 
17.29}  Thus,  eruption  from  a zoned  body  produced  relatively 
MgO-poor  lava  early  in  an  episode,  and  MgO-rich  lava  was 
erupted  late.  Samples  for  classical  analyses  represented  in  figures 
17.28  and  17.29  were  usually  taken  in  the  early  and  late  parts  of 
each  eruptive  episode.  Additional  analyses  by  electron  microprobe, 
from  episode  7 (not  shown  in  figures  1 7.28,  1 7.29}  indicate  that  the 
compositional  change  during  the  fountaming  episode  was  grada 
tional.  Lava  sampled  during  the  period  of  small  intracrater  pahoehoe 
flows  and  pond  activity  that  commonly  preceded  the  major  eruptive 
episodes  was  similar  in  composition  to  the  early,  MgO-poor  lava  of 
the  following  fountaming  episode.  Apparently  magma  in  the  column 
beneath  the  Puu  Oo  crater  floor  underwent  a compositional  change 
from  MgO-rich  to  MgO-poor  during  some  of  the  repose  periods. 
Extension  of  the  trends  for  the  MgO-poor  lava  of  episodes  5-10 
indicates  that  only  the  MgO-poor  variety  was  erupted  dunng 
episodes  11-17  and  19-20. 

Even  though  the  repose  periods  were  brief,  crystal  fractiona- 
tion within  the  magma  column  seems  the  most  plausible  explanation 
for  the  compositional  change  that  occurred  between  eruptive  epi- 
sodes. The  most  compelling  example  is  the  change  from  MgO-rich 
lava  a!  the  end  of  episode  9 to  MgO-poor  lava  early  in  episode  10;  it 
can  be  precisely  accounted  for  by  removal  of  3.74  percent  of  late 
episode  9 olivine  from  late  episode  9 basalt  (table  17.4}  Other 
repose-period  compositional  changes  are  fit  less  precisely  by  olivine 
fractionation  alone.  Nevertheless,  the  joins  connecting  the  composi- 
tions of  MgO-rich  lava  from  late  in  one  episode  and  MgO-poor  lava 
from  early  in  the  next  (fig.  17.29)  are  nearly  parallel  to  the  olivine- 
control  line  (calculated  for  late  episode  9 basalt  and  its  contained 
olivine}  This  near  coincidence  suggests  that  subtraction  of  olivine 
was  the  dominant  cause  of  the  compositional  variation  dunng  single 
eruptive  episodes.  Petrographic  data  show  that  the  higher  MgO 
content  of  lava  erupted  late  in  a fountain  episode  does  not  reflect 
increased  abundance  of  olivine  crystals. 

Episode  4 lava  did  not  show  the  compositional  change  typical 
of  episodes  5-10.  Perhaps  the  specific  magma-column  geometry 
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Fic.URE  17.30. — Volume  a ( Uva  (left  axis)  or  magma  (ngfct  axis)  erupted  in  each 
episode  (4-20)  of  the  Puu  Oo  eruption  at  the  tvne  of  collection  a ( each  analyzed 
sample.  Letters  indicate  eptsodn  and  capital  letters  MgO-nch  lavas  as  in  hgure 
17.28.  *,  composition  from  microprobe  analysis.  Volume  erupted  by  time  of 
collection  was  estimated  by  muktplying  the  subsequently  determined  discharge  rate 
by  the  time  elapsed  from  the  beginning  of  the  eruptive  episode. 


(hat  led  lo  fractionation  of  a limited  melt  volume  dunng  repose 
periods  originated  dunng  episode  4.  Ilius,  the  fractionation 
occurred  only  dunng  later  repose  periods. 

The  MgO-depIeted  magma  in  the  zoned  body  was  completely 
erupted  in  each  of  episodes  5 through  10.  Thereafter,  the  MgO- 
depleted  volume  was  too  large  to  be  exhausted  in  an  eruptive 
episode,  except  for  episode  18,  which  produced  an  appreciably 
greater  volume  than  its  predecessor*  at  Pliu  Oo  (table  17.1} 

We  have  estimated  the  volume  of  lava  that  had  been  erupted  in 
each  episode  at  the  time  that  each  analyzed  sample  was  collected 
(fig.  1 7. 30}  The  first  occurrence  of  both  MgO-poor  and  MgO-rich 
lava  in  a single  episode  was  dunng  episode  5,  but  the  volume  of 
early  MgO-poor  lava  is  not  well  constrained.  During  episodes  6 
through  9.  MgO-poor  lava  gave  way  to  MgO-rich  lava  after  about 
2.3  X I06  to  5.2  X IQ^m3  of  lava  had  been  produced.  The  volume 
of  MgO-poor  lava  in  episode  10  is  poorly  constrained  but  it  was  less 
than  12.7  X I (Pm3.  Episode  1 1 produced  12  X I (Pm3  of  lava  that 
was  all  MgO-poor,  as  was  the  lava  of  subsequent  episodes  except 
for  18.  Lava  collected  at  the  end  of  episode  18,  after  eruption  of 
24  X 1 06  m3,  was  richer  in  MgO  than  early  episode  1 8 lava  but  less 
so  than  most  of  the  other  MgO-rich  lavas. 

The  volumes  of  MgO-poor  lava,  considered  void-free  so  as  to 
approximate  magma  volumes,  indicate  that  about  3xl06m3  of 
MgO-poor  magma  was  available  in  the  reservoir  dunng  the  early 
parts  of  episodes  5 through  9.  Between  episodes  9 and  II,  this 
increased  to  more  than  9x  I (Pm3,  but  episode  18  indicates  it  did 
not  exceed  18  X I (Pm3. 

Subsidence  of  the  Puu  Oo  crater  floor  and  collapse  of  the  crater 
walls  occurred  late  in  episode  10.  In  the  next  two  episodes,  fountain 
heights  were  dramatically  lower,  and  lava  issued  from  several  vents 
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Figure  17.31.— Total  pmmtJit  of  olivine,  tugite,  and  plapoclaie  pbeoocryiti 
versus  time  of  collection  of  Uva  samples  from  Pu»i  Oo  eruption.  Letters  indicate 
episodes  as  in  figure  17.28. 


both  within  and  outside  the  crater.  These  observations  suggest  that 
collapse  m the  conduit  had  partly  blocked  access  to  the  normal  vent. 
The  marked  increase  in  the  erupted  volume  of  MgO-depleted 
magma  between  episodes  9 and  1 1 may  have  recorded  enlargement 
of  the  subcrater  reservoir  by  the  same  event  that  caused  crater 
collapse  and  disrupted  the  fountains. 

If  our  hypothesis  that  MgO-depleted  magma  originated  by 
crystal  fractionation  of  MgO-rich  magma  in  the  magma -filled 
conduit  beneath  Puu  Oo  is  correct,  then  the  volume  of  MgO- 
depleted  magma  represents  a minimum  value  for  the  volume  of  the 
magma  column.  We  have  no  direct  measure  of  the  column  length. 
However,  we  inferred  previously  from  the  distribution  of  earth- 
quakes in  the  shallow  swarm  associated  with  episode  I that  the 
feeder  dike  was  intruded  upward  to  the  surface  from  an  asetsmic 
zone  at  a depth  of  3-4  km.  If  the  aseismic  zone  persisted  through 
the  subsequent  foun taming  episodes  as  the  subhorizontai  zone  of 
magma  supply  from  the  summit  reservoir  to  the  vent  region,  we  can 
surmise  that  the  magma  column  beneath  Puu  Oo  was  3-4  km  long. 
Using  a 3.5-km  length  and  the  volume  estimate  of  3 X 1 06 m5  for 
episodes  5-9,  we  calculate  a minimum  average  diameter  for  the 
magma  column  of  about  30  m.  For  the  volume  estimates  for  the  later 
episodes  (9x  I06  to  18  X l06m5X  the  calculated  minimum  average 
diameter  is  60-80 m.  These  values  are  in  close  agreement  with 
estimates  of  average  conduit  diameters  of  40- 70  m inferred  from 
volumes  of  gas-enriched  melt  that  caused  high  fountains  early  in  some 
episodes  (Wolfe  and  others,  in  press)  and  50  ± 30  m inferred  from 
interpretation  of  gas-flux  and  geodetic  measurements  (Greenland 
and  others,  in  press). 

The  lava  of  episodes  4-20  shows  a long-term  compositional 
change  marked  by  gradual  increase  in  CaO  and  MgO  and  decrease 
in  FeO,  and  incompatible  elements  (figs.  17.28,  I 7.29)l  The 
changes  are  small,  and  the  progression  is  imperfect.  Nevertheless, 
figure  17.29  shows  unmistakably  that,  in  both  the  MgO-poor  and 
MgO-rich  lavas,  CaO  and  MgO  gradually  increased  together 
through  time  and  FeO,  concomitantly  decreased  through  tune. 
Imposition  of  this  progressive  compositional  change  on  both  lava 
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types  supports  our  interpretation  that  each  volume  of  MgO-depleted 
magma  was  derived  from  an  associated  volume  of  MgO-rich 
magma.  In  a sense,  the  two  share  a common  fingerprint  imposed  by 
the  gradual  long-term  compositional  change. 

Two  possible  reasons  for  the  long-term  compositional  trend 
involve  rift-zone  mixing  (see,  for  example,  Wnght  and  Fiske,  1971; 
Wright  and  others,  1975)  and  gradual  compositional  change  of  the 
tneh  produced  in  the  mantle  (see,  for  example,  Hofmann  and  others, 
1984).  If  mixing  is  the  reason,  fresh  magma  from  the  summit  would 
become  contaminated  to  progressively  decreasing  degrees  from 
contact  during  its  passage  through  the  rift  zone  with  older  CaO-  and 
MgO-depleted  magma  still  in  storage.  We  do  not  know  the  possible 
end-member  compositions,  but  for  illustration  we  have  drawn  an 
approximate  mixing  line  (fig.  17.29)  connecting  the  most  MgO-rich 
sample  (late  episode  9)  and  an  average  composition  that  includes  all 
analyzed  lava  from  episodes  1-3  except  for  two  samples  that  have 
significantly  higher  MgO  contents  (6.59  and  6.72  wt  percent)  and 
may  reflect  more  recent  involvement  of  summit  magma  than  do  other 
lavas  of  episodes  1-3. 

If  changing  parent  composition  is  the  reason,  then  the  pro- 
gressive increase  in  CaO  and  depletion  of  incompatible  elements, 
emphasized  when  the  compositions  from  episodes  5-20  are  nor- 
malized to  a common  MgO  value  by  ad)u$ting  for  olivine  control, 
may  have  resulted  from  increasing  melting  of  clinopyroxene  in  the 
mantle. 

Reversely  zoned  phenocrysts  in  some  samples  from  episodes 
4-10  suggest  magma  mixing.  Lava  of  episodes  11-20  was  nearly 
aphyric  (fig.  1 7. 31 X and  no  phenocrysts  suggestive  of  disequilibrium 
were  found.  Lava- temperature  measurements  show  much  scatter 
(fig.  17.32)  but  suggest  that  the  temperature  increased  through  the 
early  episodes,  perhaps  through  episode  1 1 , and  then  leveled  off. 
Tliis  increase  could  have  been  a consequence  of  decreasing  con- 
tamination of  hotter  summit  melt  by  cooler  rift -zone  mek.  We  note 
that  the  change  in  phenocryst  content  and  the  change  in  measured 
temperatures  through  time  roughly  mimic  the  compositional  changes 
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velocity  was  determined  by  periodic  mapping  of  How-front  position. 


recorded  from  episode  4 through  20.  Average  velocity  and  average 
thickness  of  the  major  river-fed  lava  flows  (figs.  17.33  and  17.34) 
also  roughly  mimic  these  patterns.  Velocity  was  greater  and  thick- 
ness less  during  episodes  1 1 —20,  suggesting  that  lava  viscosity 
decreased,  in  accord  with  changing  lava  composition,  petrography, 
and  temperature. 


NEGLIGIBLE  EFFECTS  OF  MAUNA  LOA 
EARTHQUAKE  AND  ERUPTION 

A large  (Af  = 6.7)  earthquake  (Buchanan- Banks,  chapter 
44;  Koyanagi  and  others,  1984)  occurred  beneath  Mauna  Loa's 
southeast  flank  on  November  16,  1983,  between  episodes  1 1 and  12 
of  the  Puu  Oo  eruption.  The  earthquake  caused  an  abrupt  tilt 
change  of  nearly  300  |i.rad  at  the  Uwekahuna  tiltmeter  (fig.  1 7. 1 5X 
but  it  produced  no  recognizable  change  in  the  continuing  events  at 
Puu  Oo. 

A Mauna  Loa  eruption  occurred  from  March  25  to  April  1 5, 
1984  (Lockwood  and  others,  1985);  for  the  first  time  since  1919, 
Kilauea  and  Mauna  Loa  were  in  eruption  simultaneously.  Episode 
17  of  the  Puu  Oo  eruption  occurred  on  March  30-31,  during  the 
Mauna  Loa  eruption,  and  episode  18  on  April  18-21  following  the 
Mauna  Loa  eruption.  The  volume  of  episode  18  was  larger  than 
usual  (table  17.  IX  but  otherwise  Puu  Oo  activity  during  and 
immediately  after  the  Mauna  Loa  eruption  was  normal. 

INTERPRETIVE  SUMMARY 

The  east  rift  zone  of  Kilauea  has  been  a major  locus  of  magma 
storage  as  well  as  eruption;  Dzurisin  and  others  (1984)  estimated 
that  at  least  I X I09m3  of  magma  was  added  to  east-rift-zone 
storage  between  1956  and  1983.  From  late  1978  through  1980,  the 


FIGURE  17.34. — Average  flow  tiudumi  vmus  lime  of  eruption,  episodes  2-18  of 
Pliu  Oo  eraptooo.  Thscknest  was  measured  a 1 numerous  localities  along  Bow 
margin.  Average  thickness  was  obtained  from  calculated  vokim*1  measured  area. 


Puu  Kamoamoa-Puu  Kahauaica  area,  where  the  major  vents  of  the 
Puu  Oo  eruption  are  located,  was  the  site  of  repeated  intrusions  that 
caused  flurries  of  shallow  earthquakes  and  increasing  tumescence  of 
that  part  of  the  rift  zone. 

After  a period  of  quiescence  dunng  1981  and  part  of  1982, 
small  intrusions  into  the  Puu  Kamoamoa  area  resumed  following  a 
summit  intrusion  and  eruption  on  September  25-26,  1982.  In  early 
January  1983  a voluminous  east-rift  intrusion  resulted  in  large 
subsidence  of  the  previously  distended  summit  reservoir,  emplace- 
ment of  a new  feeder  dike,  and  onset  of  the  Puu  Oo  eruption. 

The  intrusion  was  initiated  by  an  aseismic  magmatic  surge 
through  magma-filled  passages  in  the  uppermost  part  of  the  east  rift 
zone  and  by  the  onset  of  dike  emplacement  near  Makaopuhi  Crater. 
The  distribution  of  shallow  earthquakes  indicates  that  the  dike 
propagated  upward  from  an  aseismic  region  at  a depth  of  3-4  km 
within  the  rift  zone,  and  its  tip  migrated  downrift  as  intrusion 
continued.  The  upper  edge  of  the  dike  eventually  intersected  the 
ground  surface  from  Napau  Crater  to  Kalalua,  initiating  nearly  two 
weeks  of  intermittent  fissure  eruptions. 

Over  most  of  its  length,  the  fissure  system  soon  stopped 
erupting.  Intermittent  fissure  eruptions  dunng  episode  I of  the  series, 
in  January  1983,  became  localized  primarily  south  of  Puu 
Kahaualea.  During  episodes  2 and  3,  a central  vent  south  of  Puu 
Kahauaiea,  the  1 123  vent,  was  the  dominant  eruptive  locus,  and  a 
lesser  one  was  located  1 . 5 km  uprift  in  the  area  where  Puu  Oo  was 
to  develop.  From  episode  4 on,  the  Puu  Oo  vent  was  the  main  locus, 
and,  except  for  fissures  in  the  immediate  vicinity  of  Puu  Oo  that  were 
briefly  active  a few  times,  eruption  has  never  recurred  elsewhere 
along  the  fissure  system  (as  of  June  1985) 

After  episode  I , low  harmonic  tremor  continued  during  repose 
periods,  and  subsequent  fountaimng  episodes  began  without  shallow 
earthquake  swarms.  Both  these  observations  indicate  that  an  active 
magma  conduit  was  maintained  between  the  summit  and  vent  areas. 
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As  the  eruptive  series  progressed,  the  rift-zone  conduit  became  more 
efficient  in  transporting  magma,  as  indicated  by  the  general  increase 
in  average  lava  discharge  rate.  Factors  that  may  have  contributed  to 
more  rapid  magma  transport  include  enlargement  and  streamlining 
of  passageways  and  reduction  of  melt  viscosity  as  a consequence  of 
increased  temperature  or  decreased  crystallinity.  We  have  no  direct 
means  of  evaluating  the  character  of  the  magma-filled  passageways, 
but  enlargement  or  streamlining  seem  likely  consequences  of  repeated 
passage  of  melt  through  them.  We  note  that  the  lava  generally 
became  hotter  and  less  porphyritic  as  the  Puu  Oo  eruption  pro- 
gressed. 

Several  different  phenomena,  considered  together,  suggest  that 
the  main  vents,  located  in  the  general  Puu  Kamoamoa-Puu 
KahauaJca  area,  overlay  a zone  of  magma  storage  that  antedated  the 
beginning  of  the  eruption.  Effects  specifically  related  to  such  a zone 
include:  (I ) anomalously  rapid  downnft  passage  of  surface  deforma- 
tion preceding  the  tip  of  the  dike;  (2)  dissipation  of  the  tightly 
clustered  concentration  of  shallow  earthquakes  that  farther  uprift 
recorded  a systematic,  steady  downrift  advance  of  the  dike  tip;  (3) 
decreased  concentration  of  shallow  earthquakes  associated  with  dike 
emplacement  and  establishment  of  the  new  vents;  and  (4)  localization 
of  repealed  small  intrusions  from  late  1978  through  1980. 

The  petrologic  evidence  suggests  that  a magma-storage  zone 
had  existed  for  a long  time  beneath  the  Puu  Kamoamoa-Puu 
Kahaualea  area.  Lava  erupted  from  the  inferred  storage  zone  during 
episodes  1—3  was  differentiated  beyond  olivine  control  and  was 
significantly  cooler  than  divine-controlled  lava  erupted  later  from 
Puu  Oo.  Following  Wright  and  Fiske  ( 1 97 1 X we  infer  that  the  lava 
of  episodes  1—3  evolved  as  a consequence  of  crystal  fractionation 
resulting  from  cooling  and  partial  crystallization  during  prolonged 
storage  in  the  rift  zone.  Additional  compositional  modification 
apparently  resulted  from  magma  mixing,  as  indicated  by  partly 
resorbed  xenocrysts  and  reversely  zoned  phenocrysts.  Approx- 
imately 50  X lO^m3  of  such  differentiated  and  hybrid  magma  was 
erupted  in  episodes  1 —3,  and  perhaps  an  additional  1 00  X I06  m3  of 
this  magma  remained  in  the  new  dike. 

Once  the  Puu  Oo  vent  became  established,  the  composition  of 
lava  was  within  the  range  of  olivine  control.  Magma  in  the  conduit 
beneath  Puu  Oo  underwent  a compositional  change  during  repose 
periods  that  can  be  largely  or  entirely  explained  by  fractionation  of  a 
few  percent  olivine.  This  produced  MgO-depleted  magma  that  was 
exhausted  whenever  the  volume  of  the  next  eruptive  episode  exceeded 
the  volume  of  MgO-depleted  magma.  During  episodes  5-9,  such 
M gO-poor  magma  gave  way  to  MgO*rich  magma  after  about 
3x  I0*m*  of  magma  had  been  erupted;  in  episodes  11—20,  the 
volume  of  MgO-depleted  magma  available  in  each  eruptive  episode 
was  between  9x  lO^m*  and  18  X I06m3.  The  reservoir  in  which 
fractionation  occurred  during  repose  periods  apparently  was  signifi- 
cantly enlarged  between  episodes  9 and  1 1 . 

Gradual  enrichment  of  both  CaO  and  MgO  in  the  olivine- 
controlled  magma  erupted  during  episodes  4-20  may  imply  either 
decreasing  levels  of  contamination  of  olivine-controlled  summit 
magma  by  differentiated  magma  stored  in  the  rift  zone  or  gradually 
changing  composition  of  magma  generated  in  the  mantle,  llie 


occurrence  of  reversely  zoned  phenocrysts  in  some  of  the  lava  of 
episodes  4-10  and  the  progressive  increase  in  lava  temperature 
through  those  episodes  support  the  hypothesis  that  the  lava  composi 
tion  was  affected  by  magma  mixing  at  least  through  episode  10. 

Intrusion  of  summit  magma  into  the  rift  zone  apparent))' 
displaced  differentiated  magma  already  in  storage,  causing  it  to 
erupt  during  episodes  1-3.  If  olivine-controlled  magma  from  the 
summit  was  contaminated  thereafter  by  differentiated  magma  from 
the  rift  zone,  the  rift-zone  conduit  must  have  intersected  one  or  more 
bodies  of  differentiated  magma.  Such  magma  bodies  were  possibly 
stored  below  the  zone  of  brittle  fracture  indicated  by  shallow 
earthquakes  generated  during  upward  propagation  of  the  dike. 
Thus,  the  bodies  of  stored  magma  and  the  rift-zone  conduit  were 
most  likely  at  a depth  of  at  least  3— 4 km.  within  the  normally 
aseisraic  deeper  part  of  the  rift  zone. 

Symmetry  of  patterns  of  attenuation  of  harmonic  tremor  with 
respect  to  Rju  Oo  indicates  that,  although  the  depth  is  uncertain,  the 
tremor  source  and  the  vent  were  in  vertical  alignment.  Furthermore, 
rift-zone  dikes  are  generally  near  vertical  (Pollard  and  others, 

1 983 X and  local,  approximately  cylindrical  conduits  that  transport 
magma  upward  at  higher  flow  rates  and  with  lower  heal  loss  than  do 
dikes,  can  evolve  from  dikes  by  local  erosion  of  wallrock  as  adjacent 
dike  segments  solidify  and  become  inactive  (Delaney  and  Pollard, 
1981,  1982).  These  considerations  suggest  that  a nearly  vertical 
conduit  descended  from  the  Puu  Oo  vent  in  the  plane  of  the  initial 
dike.  We  suppose  that  the  junction  between  the  approximately 
vertical  feeder  conduit  and  the  subhorizontal  rift-zone  conduit  was 
located  near  the  base  of  the  episode  I dike  at  a depth  of  3-4  km. 
The  mouth  of  the  conduit,  about  20  m in  diameter,  was  nearly 
continuously  visible  in  the  crater  floor  after  episode  1 3.  The  diameteT 
may  have  increased  downward.  Erupted  volumes  of  MgO-depleted 
melt  were  too  large  to  have  been  accommodated  in  a conduit  only 
20m  in  diameter  and  3 -4 km  long;  average  diameters  of  30  m for 
episodes  5-9  and  60-80  m for  episodes  1 1-20  are  implied  if  all  of 
the  inferred  fractionation  took  place  within  this  vertical  magma 
column. 

As  eruptive  activity  became  localized  at  Puu  Oo,  the  presence 
of  a nearby  magma  reservoir  became  evident  from  rift-zone  till 
changes.  Beginning  with  a subsidence  during  episode  3,  rift-zone 
tumescence  developed  gradually  during  repose  penods  and  rift-zone 
subsidence  occurred  rapidly  during  eruptive  episodes,  as  indicated 
by  a borehole  tiltmeter  northwest  of  Puu  K&moamoa.  This  deforma- 
tion was  congruent  with  tilt  changes  at  the  summit.  Thus  an 
approximate  hydraulic  equilibrium  with  the  summit  reservoir  was 
continually  maintained  along  the  nft-zone  conduit. 

The  limited  range  and  approximate  equivalence  of  opposed 
inflationary  and  deflationary  tih  changes  at  the  summit  and  also  in 
the  nft  zone  indicate  that  eruptive  episodes  began  and  ended  in 
response  to  magmatic  pressure  in  the  reservoir  system.  The  second- 
ary reservoir  in  the  rift  zone  apparently  acted  as  a valve,  controlling 
eruptive  activity  from  the  rift  zone  rather  than  from  the  summit. 
Thus,  from  the  end  of  episode  3,  starts  and  stops  of  vigorous 
eruption  normally  preceded,  respectively,  the  onset  of  rapid  summit 
deflation  or  the  resumption  of  summit  inflation  as  recorded  by  the 
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Uwekahuna  tillmcter.  Summit  response  also  lagged  behind  pauses 
and  resumptions  of  lava  discharge  during  individual  eruptive  epi- 
sodes. 

Eruptive  episodes  started  gradually,  possibly  reflecting  non- 
Newtonian  behavior  of  the  magma  in  the  conduit  system  (Hardee, 
chapter  54).  Reservoir  pressure  had  to  build  sufficiently  to  overcome 
the  yield  strength  of  the  melt,  after  which  flow  of  magma  accelerated. 

The  central- vent  episodes  at  the  1123  vent  died  gradually, 
fountain  height  decreasing  apparently  in  response  to  gradually 
diminishing  magmatic  pressure.  However,  lava  discharge  at  Puu  Oo 
normally  stopped  abruptly,  without  the  gradual  decay  that  charac- 
terized the  earlier  episodes.  Perhaps  this  change  was  related  to 
development  of  the  rift-zone  reservoir.  Progressive  depletion  of  the 
rift-zone  reservoir,  reflected  by  subsidence  in  the  rift  zone  during 
eruptive  episodes  at  Puu  Oo,  apparently  led  to  abrupt  termination  of 
the  eruption  when  pressure  m the  near-vent  part  of  the  reservoir 
system  fell  below  a critical  level  sufficient  to  maintain  the  supply  of 
fresh,  nonvesicuiated  magma  to  the  column  below  the  vent.  Summit 
deflation  continued  briefly  as  pressure  was  equalized  in  the  linked 
summit  and  rift-zone  reservoir  systems. 

We  calculate  an  overall  magma-supply  rale  of  10  X K^mVmo 
for  episodes  2-20.  Allowing  for  errors  in  volume  measurement,  this 
value  is  not  different  from  the  rate  of  9x  K^mVmo  determined  by 
Swanson  (1972)  for  earlier  penods  of  prolonged  eruption  for  which 
the  relationships  between  volume  change  in  the  summit  reservoir  and 
the  volume  erupted  could  be  evaluated.  Higher  rates,  nearly 
12  X I06m3/mo,  prevailed  at  Puu  Oo  during  episodes  4—12  and 
13-17.  In  these  two  sequences,  recurrence  intervals  and  erupted 
volumes  had  a nuniminal  range,  indicating  that  an  approximately 
steady  relationship  was  maintained  between  magma  supply  to  the 
reservoir  system  and  frequency  and  volume  of  eruption.  Each  of 
these  periods  of  elevated  supply  of  magma  to  the  vent  was  preceded 
by  an  unusually  long  repose  period.  Thus,  the  long-term  supply  rate 
was  less. 

Inferred  magma-supply  rates  during  the  Puu  Oo  eruption 
equal  or  exceed  estimates  of  long-term  supply  given  by  Dzurisin  and 
others  (I984X  causing  us  to  speculate  that  the  F^iu  Oo  eruption  may 
coincide  with  a period  of  increased  magma  supply  to  Kilauea.  A 
marked  increase  in  S02  flux  to  the  atmosphere  in  the  Kilauea 
caldera  region  occurred  about  one  month  after  the  beginning  of  the 
eruption  and  may  reflect  increased  rate  of  supply  of  magma  to  the 
summit  reservoir.  We  are  unable  to  evaluate  the  rale  of  percolation  of 
exsolved  gas  from  the  reservior  region  to  the  surface,  and  we  have  no 
other  independent,  short-term  measure  of  supply  to  the  reservoir. 
Thus,  like  Dzurisin  and  others  (I984X  we  cannot  distinguish 
whether  the  Puu  Oo  eruption  was  a response  to  possible  increase  in 
magma  supply  rate  or  whether  it  may  have  triggered  increased 
supply.  Nevertheless,  a substantial  rate  of  supply  was  apparently 
maintained  through  and  beyond  episode  20.  It  led  to  establishment 
of  a comparatively  unimpeded  transport  system  from  the  summit 
reservoir  to  the  vent  at  Puu  Oo  that  is  likely  to  remain  open  until 
disrupted  by  a tectonic  event  or  until  diminution  of  supply  to  the  rift- 
zone  conduit  allows  cooling,  crystallization,  and  eventual  termination 
of  magma  transport  to  the  vent. 
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HOLOCENE  ERUPTIVE  HISTORY  OF  MAUNA  LOA  VOLCANO 


By  John  P.  Lockwood  and  Peter  W.  Lipman 


ABSTRACT 

In  order  to  evaluate  the  Holocene  eruptive  history  of 
Maima  Loa,  surface  lava  flows  have  been  classified  by  age  and  a 
sevniquantitative  analysis  made  of  their  mapped  areas.  A new 
map  depicting  the  age  distribution  of  these  surface  lavas  shows 
that  flows  are  generally  older  at  lower  elevations  and  at  greater 
distances  from  eruptive  sources  as  a consequence  of  the  fact 
that  there  are  fewer  long  flows  than  short  ones.  Earlier  esti- 
mates of  the  areas  and  volumes  of  historical  eruptive  products 
have  been  revised  on  the  basis  of  new  mapping  and  study  of 
written  records. 

Lavas  of  known  historical  age  (1843  and  later)  cover  13 
percent  of  Mauna  Loa  a surface;  their  total  volume  is  about  4 
km3.  This  figure  includes  extensive  buried  lavas,  especially 
within  Mokuaweoweo,  Mauna  Loas  summit  caldera.  The  histor- 
ical lavas  were  erupted  at  an  average  rate  of  45  x 10®  m3/yr  from 
1843-78,  but  at  less  than  half  that  rate  since  1877.  This  change 
in  eruptive  rate  coincides  with  an  abrupt  change  in  lava  chemis- 
try and  may  be  related  to  effects  of  the  magnitude-7.5  1868 
earthquake. 

The  average  historical  (1843  and  later)  production  rate  of 
29  x 10*  m3/ yr  is  higher  than  average  rates  for  the  preceding  six 
and  one-half  centuries,  as  reflected  by  lava-flow  areal  coverage 
rates.  That  period,  from  about  A.D.  1200  to  1843,  began  shortly 
before  the  formation  of  the  present  Mokuaweoweo  and  was 
characterized  by  low  levels  of  rift-zone  activity  and  an  increased 
incidence  of  eruption  from  northwest  flank  vents  radial  to  the 
summit.  The  preceding  period  of  about  750  years  was  charac- 
terized by  voluminous  pah oe hoe  overflows  from  a summit  lava 
lake — over  one-fourth  of  the  volcano  is  covered  with  these 
lavas.  The  record  becomes  increasingly  fragmentary  with  age, 
as  over  one-half  of  Mauna  Loa  has  been  buried  during  the  past 
1,500  years  (since  the  arrival  of  man  on  Hawaii);  almost  90 
percent  of  the  surface  is  covered  with  rocks  of  age  less  than  4 
kau 

Pahoehoe  and  aa  are  present  in  nearly  equal  amounts  at 
Mauna  Loas  surface,  but  aa  is  more  typical  of  rift  than  of 
summit  eruptions.  The  ratio  of  aa  to  pahoehoe  commonly 
increases  with  transport  distance,  and  it  appears  to  increase 
with  time  in  the  Holocene,  aa  being  more  common  among  lavas 
younger  than  about  750  years  than  among  older  flows. 

INTRODUCTION 

I havr  not  yet  discovered  any  native  traditions  respecting  eruptions 
from  the  larger  volcano  [Mauna  Loa).  It  is  unmhalxtablr.  and  therefore 
its  eruptions  would  not  usually  be  frought  with  disaster  to  the  inhabitants, 
and  thus  would  be  scarcely  mentioned  m the  tradition*  When  Hawaii 
shall  have  been  studied  carefully  it  will  be  possible  to  give  the  sequence  of 
several  pre  historic  eruptions. 

—CM.  //iithtot*.  1909.  p 58-57. 


Mauna  Loa,  which  rises  nearly  9 bn  above  the  tsoslatically 
depressed  floor  of  the  central  Pacific  (lo  4, 167  m above  sea  levelX  is 
the  largest  volcano  on  Earth;  its  volume  has  been  estimated  at  about 
40,000  km9  (Macdonald,  1972,  p.  258).  That  volume  is  probably 
loo  high,  however,  because  older,  separate  volcanoes  are  likely 
buried  at  depth.  Mauna  Loa's  lavas  cover  about  5,125  km2  of  the 
Island  of  Hawaii  (fig.  18. 1 X These  subaenal  lava  flows  preserve  the 
most  readily  accessible  record  of  the  volcanos  prehistoric  eruptive 
activity,  and  evidence  yielded  by  them  forms  the  principal  basis  of 
this  report.  Limited  exploration  of  the  approximately  4,000  km2  of 
Mauna  Loa  beneath  sea  level  has  also  begun  (Fomari  and  Camp- 
bell, chapter  4;  Fomari  and  others,  1979;  Moore  and  others. 

I985X 

PREVIOUS  WORK 

The  first  systematic  geologic  study  of  any  part  of  Mauna  Loa 
was  that  of  Steams  and  Clark  (I930X  who  mapped  the  south- 
western part  of  the  volcano.  They  recognized  the  widespread 
pyroclastic  deposit  called  the  Pah  ala  Ash  and  proposed  the  name 
“Kamehame  basah"  for  lavas  of  both  Mauna  Loa  and  Kilauea  that 
overlie  the  ash  and  the  name  “ Pahala  formation"  for  underlying 
flows.  Steams  and  Macdonald  (1946)  refined  the  stratigraphic 
nomenclature  and  proposed  the  terms  “Kau  volcanic  series”  (now 
Kau  Basah)  for  Mauna  Loa  flows  overlying  the  Pahala  Ash  and 
“Kahuku  volcanic  series"  (now  Kahuku  Voicanics)  for  underlying 
flows.  Individual  prehistoric  lava  flows  were  not  differentiated  in 
these  previous  studies,  nor  was  the  chronology  of  prehistoric  eruptive 
activity  examined  Modem  detailed  mapping  of  Mauna  Loa  is 
I limited  to  the  northeast  and  southwest  rift  zones  of  the  volcano 
' (Lipman  and  Swenson,  1984;  Lockwood,  1984);  Lipman  (1980b) 
has  made  an  analysts  of  eruptive  activity  for  the  southwest  rift  zone. 

METHODS 

To  reconstruct  the  eruptive  history  of  Mauna  Loa,  a reconnais- 
sance geologic  map  of  the  entire  volcano  was  compiled  a!  1 :24,000 
Kale  (47  7 '/5-minute  quadrangles)  utilizing  unpublished  mapping, 
aerial  photographic  interpretation,  aenal  inspection,  and  spot  field 
checking.  For  quantitative  analysis  of  flow  distribution,  the  map  was 
later  divided  into  164  subregions  on  the  basis  of  elevation,  quad- 
rangle, and  eruptive  subdivision  (see  following  section  entitled 
“Geography "X  The  surface  areas  (m  square  kilometers)  of  ail 
geologic  map  units  in  each  subregion  were  then  determined  by 
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tracing  geologic  contacts  on  a digitizing  tablet,  and  the  resulting 
areal  information  was  entered  into  a computer  database  for  sorting 
and  analysis.  A highly  generalized  version  of  the  map  at  about 
1 : 500,000  scale  (fig.  1 8.2)  shows  the  gross  distribution  of  lava  flows 
of  different  ages. 

Computation  of  historical  eruptive  volumes  (table  18.1)  is 
based  on  estimates  of  original  flow  areas  (before  burial  by  later 
flows)  and  average  flow  thicknesses.  Detailed  planetable 
topographic  maps  made  for  Maun  a Loa  between  1912  and  1927 
(U.S.  Geological  Survey  Advance  Sheets,  1 :31 ,680  scale)  proved 
invaluable  in  interpreting  the  distribution  of  pre-1930  lava  flows, 
and  aerial  photographs  taken  in  1942,  1965,  and  1977  were 
studied  to  determine  original  extent  of  flows  later  buried.  Thick- 
nesses of  flows  outside  Mokuaweoweo  were  determined  by  estimates 
from  aircraft  and  by  scattered  ground  measurements.  Volumes  of 
lava  erupted  within  Mokuaweoweo  were  evaluated  from  the  decreas- 
ing caldera  depths  and  changing  caldera  configurations  determined 
since  the  earliest  accurate  measurements  by  Wilkes  (1845,  p.  I57)l 
This  progressive  infilling  was  then  compared  with  eyewitness 
accounts  of  the  duration  and  vigor  of  summit  activity  to  apportion 
cumulative  volumes  among  the  various  eruptions.  Most  accounts  are 
vague,  and  for  eruptions  before  1933  the  volumes  of  erupted  lavas 
within  the  caldera  were  generally  prorated  to  fit  the  observed 
decreases  of  caldera  volume  between  surveys.  Although  estimates 
from  individual  flows  within  Mokuaweoweo  may  involve  possible 
errors  of  more  than  40  percent,  cumulative  totals  are  much  more 
accurate  owing  to  occasional  constraints  provided  by  various 
topographic  surveys. 

Systematic  recovery  of  organic  material  from  beneath  pre- 
historic lava  flows  and  subsequent  radiocarbon  dating  has  been  one 
of  our  key  methods.  An  improved  understanding  of  the  conditions 
under  which  charcoal  is  formed  and  preserved  under  lava  flows 
(Lockwood  and  Lipman,  I960)  has  enabled  us  to  collect  charcoal 
for  radiocarbon  dating  from  beneath  most  flows  that  extend  to 
vegetated  areas.  A total  of  1 74  radiocarbon  ages  has  been  obtained 
for  Mauna  Loa  lava  flows  (Rubin  and  others,  chapter  10;  Kelley 
and  others,  1979X  and  these  data  have  revolutionized  our  under- 
standing of  prehistoric  Mauna  Loa  eruptive  chronology. 

LIMITATIONS 

The  data  summarized  in  the  following  text  and  figures  are  only 
as  good  as  the  generalized,  preliminary  geologic  mapping  on  which 
they  are  based.  Furthermore,  10  percent  of  Mauna  Loa  remains 
unmapped,  even  in  reconnaissance;  most  of  this  unmapped  area  is 
covered  by  dense  rain  forest,  which  is  concentrated  at  middle 
elevations  of  the  east,  south,  and  west  flanks  of  Mauna  Loa  (see  figs. 
18.2,  18.2 IX  As  future  detailed  mapping  becomes  available, 
revision  of  the  data  and  interpretations  presented  in  this  report  can 
be  expected. 
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GEOGRAPHY 

Mauna  Loa’s  summit  is  occupied  by  Mokuaweoweo,  a 3-km 
by  5-km  collapse  caldera  elongate  northeast -southwest  (see  figs. 
18.1,  I8.27X  Rift  zones,  which  are  the  loci  of  numerous  linear 
eruptive  vents,  trend  from  Mokuaweoweo  to  the  east -northeast 
(northeast  rift  zone — NERZ)  and  to  the  southwest  (southwest  rift 
zone — SWRZX  llie  subaerial  part  of  the  SWRZ  is  65  km  long, 
but  it  extends  about  35  km  farther  to  the  south  below  sea  level.  The 
SWRZ  is  marked  by  a conspicuous  bend  in  its  middle,  probably  a 
result  of  westward  migration  of  the  middle  part  of  the  rift  zone 
(Lipman,  l980aX  Only  50  km  of  the  NERZ  is  exposed,  and 
historical  eruptive  activity  has  been  limited  to  the  upper  1 9 km  of  the 
rift.  This  rift  zone  becomes  progressively  wider  and  more  diffuse 
eastward  to  the  point  where  it  is  buried  by  younger  Kilauea  lavas;  it 
may  be  traced  geophysically  at  least  50  km  farther  east  beneath  the 
Kilauea  flows  (Flannigan  and  Long,  chapter  39X  A north  rift  zone, 
proposed  by  Steams  and  Macdonald  (1946,  p.  96,  fig.  6)  does  not 
' exist;  instead,  isolated  eruptive  vents,  oriented  radially  to 
Mokuaweoweo,  are  spread  rather  homogeneously  over  the  entire 
northwest  flank  (see  fig.  1 8. 1 7j 

Mauna  Loas  historical  activity  has  long  been  divided  into  (I) 
summit  eruptions,  which  are  restricted  to  the  immediate  area  of 
Mokuaweoweo,  and  (2)  flanl^  eruptions,  which  begin  with  summit 
activity  but  erupt  most  of  their  volume  at  lower  altitude  vents 
(Dutton,  1884,  p.  140;  Steams  and  Macdonald,  1946,  p.  82; 
Klein,  1982.  p.  21  -24k  For  this  report  we  consider  flows  derived 
from  vents  below  3,660  m (12,000  ft)  elevation  to  be  products  of 
flank  eruptions,  and  those  from  vents  above  3,660  m to  be  from 
uimmit  activity.  This  classification  of  Mauna  Loa  flows  (fig.  18.3) 
also  allows  consistent  separation  of  summit  and  flank  phases  of 
typical  historical  eruptions  (for  example.  1942,  1950,  1 984 X which 
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begin  with  summit  activity  and  terminate  with  flank  extrusion.  Flows 
referred  to  as  northeast-  or  southwest-rift-zone  flows  are  those  on 
Mauna  Loas  flanks  erupted  from  vents  below  3,660  m elevation. 

HISTORICAL  ERUPTIVE  ACTIVITY 

Polynesian  settlers,  who  first  reached  Hawaii  about  1,500 
years  ago,  preserved  no  record  of  Mauna  Loas  eruptive  activity, 
and  the  earliest  references  are  fragmentary  accounts  of  activity  in  the 
late  18th  and  earliest  19th  centuries  (Hitchcock,  1909,  p.  80; 
Colnett,  1940).  The  first  extended  account  of  a Mauna  Loa 
eruption  was  by  the  Rev.  Joseph  Goodrich,  who  witnessed  the  June 
1832  eruption  from  Lahaina,  Maui,  190  km  away.  The  1832  flows 
have  not  been  identified,  although  a possible  candidate  is  the  young 
flow  underlying  the  U.S.  National  Oceanic  and  Atmospheric 
Administration  (NOAA)  Mauna  Loa  Observatory,  on  the  north 
side  of  the  upper  NERZ  (Lockwood,  1978).  The  paucity  of 
eruption  reports  between  the  time  of  Hawaii's  discovery  by  Euro- 
peans in  1778  and  the  year  1832  suggests  the  correctness  of 
Hitchcocks  statement:  "It  is  very  probable  that  Mokuaweoweo 
showed  less  activity  after  1 780  and  before  1832  than  in  the  decades 
since"  (Hitchcock.  1909.  p.  80) 

The  oldest  Mauna  Loa  lava  flows  to  be  positively  associated 
with  a specific  dated  eruption  are  those  of  1843  (fig.  18.4)  which 
were  derived  from  both  the  upper  NERZ  and  a north-flank  radial 
vent.  The  1843  eruption  was  well  documented  by  the  Rev.  Titus 
Coan,  who  during  this  eruption  climbed  to  the  upper  active  vent  in  a 
perilous  winter  journey  and  provided  the  first  published  description 
of  active  lava  tubes  (Gian,  1844)  Gian  sent  many  eruption  | 
descriptions  to  bis  friend  James  Dana,  editor  of  the  Si  Him  an  Journal  | 
(later  the  American  Journal  of  Science)  over  the  next  40  years,  and 
these  letters,  published  by  Dana,  form  much  of  the  basis  for  the 
excellent  accounts  of  1 9th  century  eruptive  activity  later  summarized 
by  Dana  (1890)  Hitchcock  (1909)  and  Brigham  (1909)  Largely 
owing  to  Coans  observations,  more  is  perhaps  known  about  Mauna 
Loas  eruptions  between  1843  and  1881  than  is  known  about  the 
following  40  years  of  activity!  Jaggar  (1947)  described  Mauna 
Loas  activity  in  the  first  four  decades  of  this  century,  and  Mac- 
donald published  descriptions  of  the  eruptions  of  1940,  1942,  and 
1950  (for  references,  see  Macdonald  and  Abbott,  1970)  The  j 
eruptions  of  1975  and  1984  are  described  by  Lockwood  and  others 
(chapter  19) 

AREAL  AND  VOLUMETRIC  RELATIONS  AND  SURFACE 
COVERAGE  RATES 

Fourteen  percent  of  Mauna  Loas  mapped  surface  (12.5 
percent  of  the  total  area)  is  covered  by  lava  flows  of  the  1843  and 
later  eruptions  (see  figs.  18.5,  18.10)  Since  1859,  the  rate  of 
coverage  has  been  about  seven  percent  per  century,  although  it  was  i 
much  higher  (about  1 7 percent  per  century)  in  the  period  between 
1843  and  1859  (fig.  18.5)  A contemporary  observation  of  the 
decrease  in  "copiousness  of  the  subaerial  discharges  [of  Mauna  Loa] 
since  1859"  was  made  by  J.D.  Dana  (1888,  p.  85)  This  histoncal 


eruptive  activity  has  been  concentrated  along  the  two  rift  zones; 
coverage  rates  on  the  flanks  of  these  two  rift  zones  are  similar  and 
since  1843  have  averaged  about  13  percent  per  century  for  their 
combined  totals  (fig.  18.6)  Our  calculated  areas  and  volumes  of 
some  individual  flows  (table  18.1)  differ  substantially  from  values 
reported  by  Macdonald  and  Abbot  (1970,  table  2)  but  our  value 
for  the  cumulative  volume  of  all  historical  lavas  exposed  outside 
Mokuaweoweo  is  similiar  to  theirs. 

Large  volumes  of  lava  that  have  accumulated  within 
Mokuaweoweo  (including  South  Pit  and  North  Bay)  since  1843 
were  previously  ignored  or  greatly  underestimated  (Steams  and 
Macdonald,  1946,  p.  88)  On  the  basis  of  an  evaluation  of  changing 
caldera  dimensions,  we  estimate  that  about  1 km3  of  lava  has 
accumulated  within  the  caldera  since  1843. 

Mauna  Loa  erupted  approximately  4.2  km3  of  lava  in  the 
period  1843-1984  at  an  average  extrusion  rate  of  30  X I06  m3/yr,  a 
rate  substantially  lower  than  recently  inferred  magmatic  production 
rates  at  Kilauea  (120x  I06  m3/yr:  Swanson,  1972a;  Dzurisin  and 
others,  1984)  The  Mauna  Loa  values,  which  have  not  been 
adjusted  for  density,  are  considered  accurate  to  about  ± 20  percent. 

Lava  production  rates  are  clearly  different  before  and  after 
1877  (fig.  18.7)  The  rate  was  approximately  47  x 106  m3/yr  in  the 
34  years  prior  to  1877,  but  it  dramatically  lowered  after  that  time  to 
about  21  x I06  m3/yr  (averaged  over  107  years)  This  abrupt  rate 
change  approximately  coincided  in  time  with  a major  shift  in  minor- 
element  composition  of  Mauna  Loa  lava  which  occurred  sometime 
between  1868  and  1877  (Rhodes  and  others,  1982)  We  propose 
that  these  changes  in  eruption  rate  and  composition  may  be  related  to 
the  great  (M  = 7.5)  1868  earthquake  (Wood,  1914) 

FREQUENCY  AND  DURATION  OF  ERUPTIONS 

Virtually  all  histoncal  eruptions  have  begun  with  activity 
within  or  near  Mokuaweoweo,  and  so  the  greatest  frequency  of 
activity  is  at  the  summit  (fig.  18.4;  Klein,  1982)  Half  the  historical 
summit  eruptions  have  been  followed  within  a few  days  by  more 
voluminous  flank  eruptions,  of  which  there  have  been  1 7:  8 on  the 
NERZ.  7 on  the  SWRZ,  and  2 on  the  north  flank, 

The  duration  of  individual  eruptions  has  varied  from  less  than 
one  day  for  several  summit  eruptions  (table  18. 1 ) to  the  years  of 
almost  continual  activity  dunng  the  summit  eruption  of  1872-77. 
Rank  eruptions  have  varied  in  duration  from  5 days  ( 1 868)  to  about 
450  days  (1855-56)  Historical  NERZ  eruptions  have  mostly 
been  of  longer  duration  (mean  1 1 7 days)  than  those  of  the  SWRZ 
(mean  1 6 days)  The  cumulative  volume  of  historically  erupted  lava 
on  the  NERZ  (1.3  X I06  ra3  is  also  greater  than  is  that  of  the 
SWRZ  (0.86  x I06  m3,  but  the  rift  zone  eruption  with  the  greatest 
volume  (1950)  occurred  on  the  SWRZ. 

PREHISTORIC  ERUPTIVE  ACTIVITY 

PROBLEMS 

Our  understanding  of  Mauna  Loas  prehistoric  activity  is 
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based  almost  entirely  on  the  rock*  exposed  on  land,  thus  ignoring  the 
near-equal  area  of  the  volcanic  edifice  beneath  the  sea.  The  eruptive 
record  becomes  less  complete  as  one  goes  back  in  time,  owing  both 
to  burial  of  oldeT  flows  by  younger  lavas  and  to  deeper  weathering. 
Better  exposures  on  the  northwest  flank  bias  the  data  toward  that 
area  relative  to  the  largely  unmapped  southeast  flank. 

RADIOCARBON  DATING 

Of  1 74  radiocarbon  ages  obtained  from  carbonaceous  matter 
beneath  Mauna  Loa  flows,  143  are  considered  geologically  reason- 
able for  the  overlying  flows.  The  31  rejected  ages  were  regarded  as 
invalid  because  of  conflicting  stratigraphic  relationships.  These 
incompatible  ages  are  mostly  caused  by  contamination  of  the 
sampled  material  by  young  charcoal  derived  from  later  forest  fires  or 
by  old  carbonaceous  material  in  sooty  soils,  or  by  contamination  of 
the  original  plant  material  by  juvenile  C02  devoid  of  l4C  (Rubin 
and  others,  chapter  9)  The  data  from  143  samples  give  ages  for  94 
separate  lava  flows  (fig.  18.8).  Radiocarbon  ages  are  most  numer- 
ous for  the  NERZ;  44  of  the  108  surface  flows  mapped  in  that  area 
have  been  dated. 

AGE  UNITS 

During  our  early  mapping  we  assigned  relative  ages  to  surface 
lava  flows  on  the  basis  of  their  degree  of  weathering  (Lipman, 
1980b,  table  2X  Flows  were  divided  into  five  groups  (from  oldest  to 
youngest:  I to  V).  As  radiocarbon  ages  became  available,  approxi- 
mate limits  were  defined  for  each  of  these  weathering  categories. 

Radiocarbon  ages  are  presently  available  for  almost  20  per- 
cent of  the  463  surface  lava  flows  recognized  to  date  on  Mauna  Loa. 
The  remaining  undated  flow's  were  subdivided  on  the  basis  of  the 
previously  defined  weathering  categories  and  on  their  stratigraphic 
relationships  with  adjoining  dated  flows.  In  this  paper,  group  V 
(undated  flows  of  historical  and  latest  prehistoric  age)  was  combined 
with  group  IV.  The  age  boundaries  of  the  four  groups  were  slightly 
changed  from  those  given  by  Lipman  (1980b)  and  are  as  follows: 


Group  l4C  age  (ka) 

IV  ....  0.75-0.107  (the  interval 

just  before  A.D.  1843) 

III  1.5-0.75 

II  4.0-1. 5 

I >4.0 


ERUPTIVE  FREQUENCY 

A total  of  463  individual  surface  lava  flows  have  been  mapped 
to  date  on  Mauna  Loa.  The  age  distribution  of  these  flows  (fig. 
18.9)  shows  the  low  level  of  eruptive  activity  during  group  IV  time 
relative  to  earlier  and  later  periods. 

The  actual  number  of  group  IV  flows  is  probably  even  lower 
than  shown  because  ( I ) several  small,  un weathered  flows  of  probable 
19th  century  age  high  on  Mauna  Loa  were  counted  with  group  IV 


flows  because  they  could  not  be  assigned  to  specific  historical 
eruptions,  (2)  geographically  extensive  historical  flows  (such  as  those 
of  1950  and  1984)  were  only  counted  once  but  would  likely  have 
been  counted  as  separate  flows  if  they  were  of  prehistoric  age,  and 
were  preserved  as  widely  separated  remnants  beneath  younger  flows, 
and  (3)  group  IV  flows  erupted  from  more  than  one  vent  may  have 
been  counted  more  than  once,  in  contrast  to  multipk-venl  historic 
flows.  As  an  oiample,  1926  lavas  were  only  counted  once,  although 
they  are  exposed  at  isolated  sites  along  more  than  20  km  of  the 
SWRZ  (Lipman  and  Swenson,  1984):  they  would  likely  have  been 
counted  as  three  separate  flows  if  of  prehistoric  age. 

Complete  burial  by  younger  lavas  has  not  substantially  lowered 
the  total  number  of  group  IV  flows,  but  does  significantly  lower  the 
recognized  number  of  older  flows.  Because  of  this,  the  increased 
number  of  group  III  flows  (1.5-0.75  ka)  documents  a genuine 
increase  in  eruptive  frequency  during  this  period. 

AREAL  DISTRIBUTION 

The  distribution  of  surface  flows  of  the  various  age  categories  in 
the  principal  geographic  subdivisions  (fig.  18. 10)  shows  that  flows  of 
historical  age  are  equal  ui  areal  extent  to  flows  of  group  IV  for 
Mauna  Loa  as  a whole  and  nearly  equal  in  each  geographic 
subdivision.  The  historical  flows  were,  however,  formed  in  a 141- 
year  period  (1843-1984),  whereas  age  IV  flows  accumulated  in 
about  650  years  before  1843.  The  increased  extrusion  rale  for  the 
historical  period  is  also  evident  in  figure  18.11,  where  the  rates  of 
surface  coverage  are  shown  as  a function  of  time.  An  increased  rate 
of  historical  flow  coverage  rdativc  to  the  preceding  650  years  is 
dear,  demonstrating  that  such  an  increase,  inferred  by  Lipman 
(1980b)  for  the  SWRZ  applies  to  the  entire  volcano.  Additionally, 
small  areas  of  probable  19th  century  flows  of  uncertain  age  (orig- 
inally mapped  as  group  V)  were  counted  as  group  IV  flows;  their 
classification  as  historical  flows  would  further  accentuate  the  areal 
differences  between  these  two  groups. 

More  than  one-fourth  of  Mauna  Loas  surface  is  covered  by 
group  III  lava  flows,  which  accumulated  in  only  about  750  years. 
These  flows  are  concentrated  on  the  northwest  and  southeast  flanks 
of  Mauna  Loa  (figs.  18.2,  18.10);  most  are  tube-fed  pahoehoc 
flows  derived  from  steady  overflows  of  a persistent  lava  lake  at  the 
summit. 

Group  I and  II  lava  flows  are  substantially  buried  by  younger 
lavas,  so  that  their  original  coverage  rates  cannot  be  determined. 
Age  I flows  are  exposed  over  only  10  percent  of  the  mapped  area; 
approximately  90  percent  of  Mauna  Loas  surface  has  thus  been 
buried  in  the  past  4,000  years.  An  extrapolation  of  average 
coverage  rates  to  earlier  times,  assuming  steady  eruption  rates  (fig. 
18. 1 IX  suggests  that  flows  older  than  10  ka  should  be  exposed  on 
less  than  2 percent  of  the  volcanos  surface. 

As  expected,  average  flow  ages  are  younger  at  higher  eleva- 
tions and  at  lesser  distances  from  source  vents  (figs.  18.12,  18. 13X 
Most  flows  are  relatively  short  and  do  not  travel  far  from  eruptive 
vents,  and  most  eruptive  vents  are  located  high  on  the  volcano. 
Because  the  short  flows  accumulate  in  a small  area  near  the  summit. 
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they  eventually  bury  almost  all  of  the  older  flows  in  that  area.  Longer 
flows  that  reach  the  larger  flank  areas  are  less  frequent,  the  rate  of 
burial  at  lower  elevations  is  consequently  less,  and  the  older  flows 
cover  a larger  surface  area  there.  The  classic  shield  shape  of  Mauna 
Loa  is  maintained  by  the  overall  balance  between  short  and  long 
flows.  The  more  numerous  short  flows  accumulate  near  the  summit 
and  tend  to  make  the  volcanos  overall  slope  steeper,  whereas  the 
long  flows  are  thicker  at  their  distal  ends  and  thus  tend  to  flatten 
Mauna  Loas  profile. 

COMPARISON  OF  ACTIVITY  ON  THE  NORTHEAST  AND 
SOUTHWEST  RIFT  ZONES 

The  age  distribution  of  flows  derived  from  the  NERZ  and 
SWRZ  is  generally  similiar  (fig.  18. 14),  although  the  proportion  of 
group  II  flows  is  higher  on  the  SWRZ  (Lipman,  1980b,  p.  7 22). 
Group  I flows  are  more  extensive  on  the  flanks  of  the  NERZ,  but 
this  is  probably  due  to  geometric  differences  between  the  two  rift 
zones:  because  of  the  proximity  of  the  ocean  to  the  SWRZ,  older, 
iong-travded  flows  there  are  not  exposed  subaerially,  whereas  older, 
long  flows  tend  to  be  preserved  along  the  flanks  of  the  NERZ  (fig. 
18. 1 3X  The  proportion  of  older  lavas  on  the  NERZ  would  be  even 
greater  if  the  northeast  continuation  of  the  rift  (Flannigan  and  Long, 
chapter  39,  fig.  39.6)  were  not  buried  by  young  KiUuea  lavas.  The 
percentage  of  the  surface  downslope  from  each  rift  zone  covered  by 
historical  and  group  IV  flows  is  about  the  same. 

Lipman  (1980b,  fig.  10)  noted  that  there  were  substantial 
differences  between  the  lava-flow  age  distribution  on  either  flank  of 
the  SWRZ;  lava  coverage  rates  on  the  east  flank  of  that  rift  zone  are 
uniformly  less  than  those  on  the  west  flank.  There  are  no  such 
systematic  differences  on  opposite  sides  of  the  NERZ  (fig.  18. 1 5X 
although  historical  flows  have  preferentially  been  directed  north  of 
that  rift  zone,  whereas  group  IV  flows  have  preferentially  flowed  to 
the  south.  This  pattern  may  be  about  to  change  again,  however,  as 
shown  by  the  southward  migration  of  historical  vents  (Lockwood 
and  others,  chapter  19). 


DISTRIBUTION  OF  ERUPTIVE  VENTS 

Eruptive  vents  are  found  in  four  areas  of  Mauna  Loa: 
Mokuaweoweo,  the  northeast  and  southwest  rift  zones,  and  the 
northwest  flank.  Vents  arc  most  numerous  between  2,500  and 
3,500  m (fig.  18. 16X  and  the  concentration  of  eruptive  activity  at 
these  elevations  has  created  topographic  highs  along  both  rift  zones, 
near  Puu  U I aula  on  the  NERZ.  and  near  Puu  O Keokeo  on  the 
southwest  rift  zone  (Lockwood  and  others,  chapter  19,  fig.  19.23; 

Lipman,  1980b,  fig.  11,  p.  714-71 5X 

The  northwest  flank,  buttressed  by  Mauna  Kra  and  Hualalai, 
is  cut  by  numerous  linear  eruptive  fissures  oriented  radially  to  the 
Mauna  Loa  summit  (fig.  18. 17X  Sixty-six  of  these  radial  vents  have 
been  recognized  to  date.  Most  of  them  are  marked  by  linear  curtain- 
of- fire  spatter  ramparts  and  one  or  more  horseshoe-shaped  spatter 
cones  (fig.  18. 18X  although  thirteen  of  them  lack  near-vent  struc- 
tures and  are  represented  only  by  inconspicuous  cracks  from  which 


voluminous,  highly  fluid  flows  quietly  issued  (fig.  18. 19X  Lava  that 
fed  these  spatterless  vents  was  apparently  denved  from  degassed 
magma  in  shallow  storage  areas  or  from  high- standing  lava  lakes  at 
Mauna  Loa's  summit.  Most  of  these  spatterless  radial  vents  are  of 
group  III  age,  a period  characterized  by  summit  lava-lake  activity. 

Two  major  radial  vents  have  formed  in  historical  time  (1859, 
I877X  and  two  NERZ  eruptions  have  developed  radial  vents  after 
initial  eruption  within  the  rift  zone  (1843,  I935X  Few  prehistoric 
radial  vents  have  yet  been  dated  radiometrically,  but  the  relations  of 
their  flows  to  adjoining  lavas  allows  age  classification  (fig.  I8.20X 
Radial  vents  of  group  IV  age  are  most  abundant;  that  was  a lime  of 
diminished  eruptive  activity  elsewhere  on  Mauna  Loa  and  of  an 
increased  rate  of  formation  of  radial  vents  on  the  northwest  flank. 
The  rate  has  remained  high  into  historical  tune. 


DISTRIBUTION  OF  AA  AND  PAHOEHOE 

The  distribution  of  aa  and  pahoeboe  on  Mauna  Loa  reflects 
the  volatile  content  of  source  eruptions,  the  length  of  individual 
flows,  and  the  steepness  of  the  terrain  over  which  the  lava  flows 
traveled.  Flow  over  steep  slopes  can  cause  pahoeboe  to  convert  to 
aa,  as  well  as  travel  for  long  distances.  Aa  and  pahoeboe  are  merely 
different  textures  of  otherwise  identical  lava  and  will  form  from  the 
same  material  depending  principally  on  temperature  and  flowage 
strain  rates  (Peterson  and  Tilling,  I960),  Aa  is  produced  from 
eruptions  characterized  by  high  fountaining  of  relatively  volatile-rich 
lava,  whereas  extensive  pahoehoe  flows  are  derived  from  the  stable 
upweiling  of  volatile-poor  lava.  Many  Mauna  Loa  vents  that  are 
initially  characterized  by  aa- producing  high  fountains  later  evolve  to 
sustained  pahoehoe  production,  resulting  in  the  common  occurrence 
of  pahoehoe  overlying  aa  of  the  same  eruptive  sequence.  Because  of 
differential  weathering  rates,  the  overlying  pahoehoe  commonly  looks 
younger  than  the  related  aa  and  may  easily  be  mistaken  for  an 
unrelated  flow,  especially  in  older  terranes. 

The  proportions  of  aa  and  pahoehoe  on  Mauna  Loa  are  about 
equal  for  the  entire  volcano,  but  they  vary  greatly  for  flows  denved 
from  the  rift  zones  and  the  summit  area  (fig.  18.21  X The  greater 
abundance  of  aa  flows  on  both  rift  zones  reflects  the  dominance  of 
fountain-fed  lavas  in  those  areas.  Aa  is  nearly  twice  as  abundant  as 
pahoehoe  on  the  SWRZ,  whose  slopes  are  steeper  than  those  of  the 
NERZ.  Pahoehoe  is  much  more  characteristic  of  flows  derived 
from  Mauna  Loas  summit  area,  where  sustained  lava  lake  activity 
occurred  before  the  formation  of  the  present  Mokuaweoweo  caldera. 

Length  of  flow  transport  also  affects  the  ratio  of  aa  to 
pahoehoe:  aa  is  more  abundant  at  greater  distances  from  eruptive 
sources  (fig.  I8.22X  The  proportions  of  aa  and  pahoehoe  also  vary 
with  age  (fig.  18.23):  pahoehoe  is  more  typical  of  older  flows  and  aa 
more  typical  of  group  IV  and  historical  lavas. 

RELATIONS  WITH  ADJOINING  VOLCANOES 

The  oldest  lavas  in  contact  with  surface  Mauna  Loa  flows  are 


Digitized  by  Google 


VOLCANISM  IN  HAWAII 


514 

the  deeply  eroded  Nmole  lavas  on  its  south  flank.  Only  19  km2  of 
the  Nmole  flows  remain  exposed;  they  are  preserved  as  steep 
waJJed,  isolated  ridges  that  rise  above  encroaching  Manna  Loa  lavas 

(fig.  1824). 

Radiometric  dating  of  the  Nmole  flows  (G.B.  Dalrymple. 
written  commun.,  1978)  suggests  an  age  of  about  200  ka.  Steams 
and  Macdonald  (1946,  p,  66-68)  considered  them  remnants  of  an 
older,  pre-Mauna  Loa  volcano,  but  Lipman  (1980a,  p.  767) 
suggested  they  could  be  block -faulted  remnants  of  earlier  Mauna 
Loa  lavas.  Despite  their  age,  the  Ninole  lavas  have  primary  dips 
parallel  to  the  younger  Mauna  Loa  flows  that  surround  them, 
indicating  a source  near  the  present  upper  SWRZ.  We  mapped 
them  as  a separate  unit,  since  they  are  separated  from  adjacent 
Mauna  Loa  lavas  by  a major  erosional  unconformity,  but  we 
consider  them  most  likely  to  be  derived  from  the  same  magmatic 
system  that  fed  younger  Mauna  Loa  flows.  Hie  proposed  Mohokea 
caldera  in  the  area  of  the  Ninole  Hills  (Hitchcock,  1906)  appears  to 
be  only  an  erosional  feature. 

Late  Mauna  Kea  cinder  cones  and  flows  overlie  group  I 
Mauna  Loa  lavas  on  the  Humuula  Saddle  between  the  two 
volcanoes  (fig.  I8.25X  although  the  contacts  are  mostly  covered  by 
younger  Mauna  Loa  flows.  Numerous  lupukas  (inliers)  of  Mauna 
Kea  flows,  not  shown  on  earlier  maps,  are  surrounded  by  Mauna 
Loa  flows  near  the  Mauna  Kea- Mauna  Loa  contact  (fig.  18.2) 
The  total  area  of  these  lupukas  is  about  10  km2. 

Hualalai  and  Kilauea  Volcanos  differ  greatly  from  Mauna 
Loa  in  their  Holocene  coverage  rates,  as  is  reflected  by  the 
distribution  of  lupukas  of  each  volcano  within  the  other.  Four  km2  of 
Hualalai  lava  flows  and  cinder  cooes  are  preserved  as  lupukas 
surrounded  by  Mauna  Loa  lavas,  but  only  0.4  km2  of  Kilauea  lavas 
are  so  surrounded.  The  eastern  flank  of  Mauna  Loa  is  covered  by 
thin  Kilauea  flows,  and  1 .2  km2  of  Mauna  Loa  lavas  are  exposed  as 
lupukas  surrounded  by  Kilauea  flows  (fig.  18.26)  The  rate  of 
coverage  of  Kilaueas  surface  (90  percent  per  1 ,000  years; 
Holcomb,  chapter  12,  fig.  12.12)  is  much  greater  than  Mauna 
Loa’s  rate,  whereas  Hualalai's  average  Holocene  rate  is  less  than 
Mauna  Loas  (Moore  and  others,  chapter  20,  fig.  20. 18)  Because 
of  Mauna  Loas  larger  size,  however,  the  total  area  covered  by 
Mauna  Loa  lava  per  unit  time  is  greater  than  the  area  covered  by 
Kilauea  and  Hualalai  lavas  combined. 

GENERALIZED  HISTORICAL  NARRATIVE 

OBSCURED  EARLY  HISTORY 

We  do  not  know  when  Mauna  Loa  began  to  form,  or  if  the  first 
lava  was  erupted  on  land  or  beneath  the  sea,  but  we  can  conjecture 
by  extrapolation  of  I lolocene  activity  rates  that  this  happened  more 
than  500,000  years  ago.  We  do  know  that  Kohala  Volcano  was 
then  a large  active  structure,  probably  a separate  island,  to  the 
north.  Mauna  Kea  was  also  actively  growing  immediately  to  the 
north.  Hualalai  Volcano,  to  the  west,  has  surface  lavas  as  old  as 
200  ka  (R.  B.  Moore,  oral  commun. , 1985)  and  was  probably  also 
growing  at  the  time  of  Mauna  Loas  birth.  Because  Mauna  Loa 


grew  contemporaneously  with  Mauna  Kea  and  Hualalai.  flows  of 
these  three  volcanoes  interfingered.  Kilauea  began  to  grow  on 
Mauna  Loas  south  flank,  possibly  beneath  the  sea,  after  Mauna 
Loa  had  already  reached  Urge  size,  perhaps  before  100  ka.  Lava 
flows  and  pyroclastic  deposits  from  Kilauea  also  began  to  mterUyer 
with  flows  from  Mauna  Loa  along  their  contact. 

RECORDED  EARLY  HISTORY 

Flows  older  than  30  ka  are  exposed  along  fault  scarps  or  river 
banks,  or  rarely  as  ash  mantled  surface  flows;  these  flows  were 
derived  from  the  same  source  directions  as  the  flows  that  overlie 
them.  Thus,  the  lower  subaenai  slopes  of  Mauna  Loa  existed  m 
essentially  the  present  shape  by  that  time.  It  is  probable  that  the 
present  Mauna  Loa  geometry  of  a central  feeder  area  and  northeast 
and  southwest  rift  zones  also  existed  far  back  into  Mauna  Loas 
unrecorded  past. 

The  central  feeder  area,  presently  marked  by  Mokuaweoweo 
caldera  (fig.  I8.27X  has  long  been  the  locus  of  multiple  collapse 
structures.  The  buried  rim  of  an  earlier  caldera  lies  to 
Mokuaweoweos  south  and  is  marked  by  a low  fault  scarp  (fig. 
I8.28X  And  other  collapse  structures  at  various  scales  have  typified 
the  Mauna  Loa  summit  for  a long  period  (see  figs.  18.29,  18.34X 
Pit  craters  have  formed  and  filled  repeatedly  at  Mauna  Loas 
summit;  cross  sections  of  filled,  dissected  pit  craters  are  well  exposed 
in  Mokuaweoweos  west  wall  (fig.  I8-30X  During  the  period  of 
about  1.5-0.75  ka  Mauna  Loas  summit  was  marked  by  a 
sustained  lava  lake,  which  quietly  supplied  the  tube-fed  pahoehoc 
flows  that  now  mantle  the  northwest  and  southeast  flanks  (figs. 

18.10,  I8.2IX 

Mauna  Loas  two  rift  zones  continued  to  erupt  lava  m nearly 
equal  amounts  as  summit  growth  proceeded,  although  rates  of 
eruptive  activity  have  varied  slightly  between  them,  as  indicated  by  a 
comparison  of  the  areas  covered  downslope  from  each  rift  zone  as  a 
function  of  time  (fig.  I8.I4X  Because  more  than  half  the  eruptive 
vents  along  the  SWRZ  are  within  20  km  of  the  coast,  many  flows 
from  eruptions  on  this  rift  zone  reached  the  sea,  including  flows  from 
five  of  its  seven  historical  eruptions.  In  contrast,  the  distance  between 
most  NERZ  eruptive  vents  and  the  sea  is  more  than  40  km,  and 
flows  from  them  rarely  reached  the  ocean;  none  has  in  historical 
time.  Flows  from  the  NERZ  did  frequently  enter  streams  on  the 
wet  windward  side  of  the  Island  of  Hawaii,  however,  and  pillow- 
lavas  are  well  developed  at  the  bases  of  several  of  these  flows 
(Takahashi  and  Griggs,  chapter  36,  fig.  36.50X  Prehistoric  flows 
from  the  NERZ  repeatedly  dammed  and  diverted  the  Wailuku 
River  (fig.  18.  IX 

The  long  flows  that  reached  the  sea  enlarged  Mauna  Loas 
surface  area,  in  competition  with  subsidence  and  the  forces  of  wave 
erosion.  Where  aa  lava  flows  reached  the  sea.  explosive  contact 
between  lava  and  sea  water  threw  large  amounts  of  lava  and  ash 
skyward,  commonly  forming  littoral  cones  (fig.  I8.3IX  Scores  of 
these  rootless  cones  are  found  along  the  shoreline  west  of  the 
SWRZ,  where  the  steep  upland  slopes  have  caused  aa  flows  to 
predominate  (fig.  1 8.2 IX  Where  fluid  pahoehoe  flows  entered  the 
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sea  ihcy  commonly  formed  large  deltalike  additions  to  the  land  (fig. 
18.32)  Diving  along  the  Mauna  Loa  coast  has  shown  that  many  of 
these  pahoehoe  flows  continued  underwater  through  the  formation  of 
s*lf- insulating  conduits,  as  described  by  Moore  and  others  ( I973X 

EVOLUTION  OF  MOKUAWEOWEO 

Lava  flows  as  young  as  0.59  ±0.07  ka  are  truncated  by  the 
edge  of  Mokuaweoweo  (fig.  18.33).  These  fountain-fed  pahoehoe 
flows  were  in  part  derived  from  arcuate  fractures  parallel  to 
Mokuaweoweo  s present  rim  and  predate  formation  of  the  present 
caldera.  Remnants  of  the  dikes  which  fed  these  fountains  are 
preserved  along  the  caldera  s northwest  wall.  Collapse  of  the  caldera 
involved  complex  block  subsidence  (fig.  18.34)  and  was  apparently 
accompanied  by  small  phreatic  explosions  which  showered  blocks  of 
bomfelsed  basalt  as  far  as  1 50  m beyond  the  present  caldera  rim 

(fig-  18.35) 

Mokuaweoweo  formed  shordy  after  the  beginning  of  group  IV 
time,  ending  a period  marked  by  the  copious  production  of  summit- 
fed  pahoehoe  flows.  Group  IV  time  was  characterized  by  reduced 
output  of  surface  lava  flows  from  Mauna  Loas  rift  zones  and 
increased  activity  on  northwest  flank  radial  vents.  A great  amount  of 
group  IV  lava  may  have  been  erupted  into  a deep  Mokuaweoweo 
(one-fourth  of  the  historical  lava  has  been  erupted  there)  and  would 
thus  not  be  preserved  as  surface  flows;  this  may  account  for  some  of 
the  variations  in  recorded  output  over  the  past  600-700  years. 
Holcomb  (chapter  12)  suggests  that  a similar  period  of  low  surface 
coverage  on  Kilauea  (1. 5-1.0  ka)  also  coincided  with  a period  of 
Kilauea  caldera  filling. 

The  original  maximum  depth  of  Mokuaweoweo  cannot  be 
known,  although  it  was  described  as  “about  400  yards”  deep  when 
first  viewed  by  Archibald  Menzies  in  1 794  (Wilson,  1920,  p.  128) 
The  first  accurate  survey  of  Mokuaweoweo  was  made  in  1841 
(Wilkes,  1845)  when  the  maximum  depth  of  the  inner  pit  was  240 
m below  the  summit.  Major  collapse  of  the  inner  pit  occurred  later; 
when  next  surveyed  by  Lydgate  in  1874  (Brigham,  1909;  Jaggar, 
1931)  it  had  a maximum  depth  of  320  m and  was  being  rapidly 
filled  by  near-continuous  lava-lake  activity.  By  1885,  however,  the 
inner  pit  had  filled  to  244  m below  the  summit  (Alexander,  1 888) 
The  inner  pit  first  overflowed  in  1914,  and  the  maximum  depth  of 
the  caldera  floor  was  210m  below  the  summit  by  1 922  (Steams  and 
Clark,  1930,  plate  2)  In  1985  the  caldera  floor  lay  183  m below  the 
summit. 


SUMMARY  AND  CONCLUSIONS 

We  have  evaluated  semiquantitatively  the  rates  of  Mauna  Loas 
volcanic  activity  over  the  past  10,000  years  and  have  documented 
the  range  of  behavior  responsible  for  tbe  formation  of  its  surficiaj 
lavas.  One  can  assume  that  similar  behavior  will  typify  the  future. 
Mauna  Loa  has  generated  22  flows  outside  Mokuaweoweo  over  the 
past  150  years,  but  at  substantially  lower  production  rales  after 
1876.  There  was  less  activity  on  the  flanks  of  the  volcano  in  the 


several  centuries  before  1843,  and  much  of  that  lava  output  was 
apparently  confined  to  Mokuaweoweo.  In  the  preceding  period, 
1.5-0.75  ka,  summit  overflows  blanketed  much  of  the  upper  flanks 
with  pahoehoe.  About  40  percent  of  the  Mauna  Loa  surface  has 
been  covered  in  the  past  1 ,000  years  (fig.  18.11)  though  coverage 
rates  have  varied  during  this  period.  This  contrasts  with  coverage 
rates  of  90  percent  per  1 ,000  years  for  Kilauea  (Holcomb,  chapter 
12)  and  20  percent  per  1,000  years  for  Hualalai  (Moore  and 
others,  chapter  20)  The  record  before  1.5  ka  is  fragmentary  and 
will  require  much  more  work  to  refine. 

Hie  Mauna  Loa  coverage  rate  for  the  historical  period  has 
averaged  9 percent  per  1 00  years.  We  do  not  know  how  much  longer 
this  relatively  high  rate  of  activity  will  persist,  but  we  note  no 
indication  of  abatement.  Mauna  Loa  eruptions  will  of  course 
continue  to  be  a source  of  concern  on  the  Island  of  Hawaii,  but 
residents  can  take  comfort  in  the  knowledge  that  lava  flows  infre- 
quently reach  heavily  populated  coastal  areas.  Continuing  investiga- 
tions will  provide  more  detailed  knowledge  of  the  varying  frequency 
with  which  lava  flows  have  covered  various  parts  of  the  Mauna  Loa 
surface.  Such  studies  of  the  past  provide  the  best  guide  to  future 
volcanic  behavior,  behavior  that  will  continue  to  impact  human 
activities  on  the  slopes  of  this  great  volcano. 
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FlCiURE  18.2. — Agr  distribution  map  of  Maura  Loa  lava  ftow-i,  gr rally  gmrralurd  from  I 24,000  mapping,  including  unpublished  work  m Hilo  area  by  J.M.  Buchanan 

Banks. 
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Figure  18.3. — Geographic  subdivisions  of  Mauna  Loa  lava  Sows  used  in  thn 
paper.  MOK-NW.  northwest  flank  summit  Sows;  MOK-SE.  southeast  flank 
summit  flows;  NERZ.  northeast  nil  zone  flows;  SWRZ.  southwest  nft  zone 
flows.  Shaded  areas  show  Island  of  Hawaii's  other  tour  volcanoes. 
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Figure  18.4.—  Chronology  of  hiMorval  M.iuna  l xta  eruptions  NERZ.  north-  FIGURE  18. 6 —Cumulative  percentages  of  Manna  Loa's  northeast  and  southwest 

east  nft  rone;  SWRZ.  southwest  nft  rone;  RV,  northwest  flank  radial  sent  nft  zone  flanks  covrred  hy  flours  of  historical  age.  FWcentagr  given  for  a particular 
eruptions  year  » that  covered  by  flows  of  that  age  or  younger. 
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FlCUKt  18.7. — Maun*  Lo*  Ur*  production.  1843  to  1984. 
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FIGURE  18.8.  — Age  distribution  of  radiocarbon  doled  Maun*  Lo*  Ur*  flow*,  plotted  on  a logarithmic  scale  of  time.  Where  multiple  ages  are  available  for  individual  flow, 
the  number  of  these  ages  is  plotted  above  bar  al  the  mean  value.  All  ages  by  Meyer  Rubin.  Flow  sources:  NERZ,  northeast  rift  /one;  SWRZ,  southwest  rift  zone; 
MOK  NW,  Mokuaweoweo  overflows  to  the  northwest:  MOK-SE,  Mohuaweoweo  overflows  to  the  southeast:  RV,  radial  vents  on  northwest  flank. 
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Fk.UKK  18.9. — Awr*gr  number  of  Bohi  per  century  (or  vanous  age  categories. 
Numben  vntlun  boxes  give  total  numbers  oi  Sows  m each  age  group. 
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Fk:lkk  18  10  — Age  and  geographic  distribution  of  Mauna  Loa  lasa  flow*,  recalculated  to  nrludr  unmapped  areas.  Hrrcentage*  of  excluded  unmapped  areas  shown  u 


figure  18.21 
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FIGURE  18.11 . — Coverage  of  Mauna  Loas  mapped  surface  as  a function  of  lime.  Corves  for  areal  subdivisions  defined  in  figure  18.3  and  for  all  areas  combined  (red  curve) 
show  actual  age  distribution  of  present  surface.  Ash  deposits  are  included  with  group  I lavas.  Southeast  flank  plot  is  dashed  because  of  the  Urge  areas  unmapped  in  that 
region.  Numbered  curves  (blue)  are  from  Upman  (1980b.  fig  9A)  and  show  expected  cumulative  areal  coverage  for  indicated  uniform  coverage  rale  in  percent  per 
per  1 .000  years 
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Figure  18. 12.— Age  distribution  of  Mauna  Lna  surface  flows  as  a function  of  FIGURE  18.13. — Age  distribution  of  Mauna  Loa  surface  Sows  as  a function  of 
elevation.  transport  distance  from  eruptive  sources. 
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ELEVATION  OR  DEPTH.  IN  METERS 

FkjuhL  18.16.  — Elevation  dwtnbutsoo  of  M<uiu  Loa  eruptive  vent*,  thawing 
total  number  of  eruptive  vent*  recognized  within  each  2S0-fn-devation  interval  of 
Maura  Loa  Vent*  on  NERZ,  SWRZ,  and  northwest  flank  are  Mimmed 
together  for  each  elevatwo  interval.  Long  vent*  that  attend  acroat  elevation 
boundaries  are  counted  m each  interval 


Mauna  Loa  Volcano  radial  vent* 
s£V.N'  Mokuaweoweo  caldera 


Area*  not  covered  by  Mauna  Loa  lava 

Figure  18.17. — Geographic  thtlnbulmn  of  northwest  flank  radial  vents.  North- 
east and  southwest  nft  tones  are  loci  of  hundreds  of  closely  spaced  vents,  Mrf 
shown  here. 
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Ficuke  18.19. — Acrid  view  of  redid  vent  (arrow)  along  winch  no  ipattcr 
ramparts  or  cooes  developed.  Top  lo  bottom  about  400  m. 


Figure  18.20. — Age  distribution  of  northwest  flank  radial  vents. 
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Figure  18.21-  — Distribution  of  u.  pihcwhor,  and  unmapped  areas  on  Mauna  Loa. 
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FlCURF.  18.23.  — Distribution  ai  aa  and  pahorKor  on  Maun  a Loa*  surface  as  a 
function  of  aye. 
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Figure  18.24. — Aerial  view  of  Nmole  Hills  from  southwest,  showing  remnants  of  older  Nmole  flows  rising  above  encroaching  Maun*  Lot  lava  flows  north  of  town  of 

PahaU 
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FlCURL  18.25. — Aerial  view  of  Manna  Loa's  north  flank,  m Hurauulu  Saddle.  View  to  south.  Mauna  Kra  vents  cut  tins  Sank  at  Mauna  Loa  and  formed  prominent  tinder 
cones  20.000  to  8,000  years  ago.  These  cones  and  their  flows  are  preserved  as  lupukas  (in Iters)  surrounded  by  younger  Mauna  Loa  lavas. 
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Fit  A.  Ml.  18  27  — Affill  v»rw  d Mokiuwwto  c aider*  at  summit  d Mauna  Ln*.  looking  ntitlhratf  South  Pil  in  fort-ground.  Maun  a Kra  in  background  Mod  of  caldrra 

flout  a covered  by  pahorhor  rruptrd  in  March  I9ft4. 
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Figure  18.30. — Cross  section  at  filled  pst  crater  exposed  an  west  wall  of 
Mokuaweowro  caldera.  Lowest  of  thick  flows  that  fill  crater  ovrrhes  basal  talus 
breccia  (marked  by  a 4-meter  rod l Filled  crater  is  informally  called  “Lua  Piha" 
(filled  pitl  Note  crosscutting  lopoiith  on  right. 
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FlGUKL  18.31. — Aerial  view  of  Pliu  Hou,  an  8S  m high  littoral  cone  formed  where  1868  SWRZ  flow  entered  the  tea  near  south  tip  of  Hawaii  Island. 
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Fk;uKK  18. 32.  — Aerial  view  of  Kaawakia  Pout,  where  a group  III  pahoehoe  ftow  from  Maun  a Loas  summit  mantles  Krakketua  fault  scarp  and  forms  a lyptral  lava  delta. 


Figure  18.33.  — Aenal  new  of  southeast  run  of  Mokuawrowvo.  showmg  trunca- 
tion of  group  IV  aa  flows  (dark)  and  underlying  group  111  pahoehoe  Caldera  nm 
here  is  SO  m high 
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Figure  18.  34.  — Am*l  v*rw  of  north  Wil  of  Mokuawroweo  caldera,  thawing  details  of  c alder*  subsidence  fractures  Slump  blocks  are  cut  by  summit  lavas  of  1942 

mjpt ion . Caldera  floor  u covered  by  lavas  erupted  hi  July  1975. 
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Figure 


1 8. 35.  — Phreatic  explosion 


breccia  fragments 


100  m north  of  Mokuawowro  calderas  north  rim.  These  angular  blocks  of  homfduc  textured  basalt 
here  overlie  a group  IV  aa  How. 
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MAUNA  LOA  1974-1984: 

A DECADE  OF  INTRUSIVE  AND  EXTRUSIVE  ACTIVITY 


By  John  P.  Lockwood,  John  J.  Dvorak,  Thomas  T.  English,  Robert  Y.  Koyanagi,  Arnold  T.  Okamura, 
Marjorie  L.  Summers,  and  Wilfred  R.  Tanigawa 


ABSTRACT 

The  1975  and  1984  eruption*  of  Maun*  Loa  Volcano  were 
both  related  to  a decade-long  period  of  seismic  and  geodetic 
unrest  (inflation)  that  wu  first  detected  in  April  1974.  The  1975 
eruption,  the  first  of  Mauna  Loa  in  25  years,  began  just  before 
midnight  on  July  5,  but  lasted  less  than  19  hours.  Eruptive  vents 
were  confined  to  the  summit  region  and  produced  about  30 
million  cubic  meters  of  uniform  tholeiite,  which  covered  nearly 
14  square  kilometers  of  the  summit  area  and  north  flank. 
Intense  seismic  activity  continued  in  a localized  area  along  the 
middle  northeast  rift  zone  (NERZ)  for  a week  following  the 
eruption  and  was  accompanied  by  extensions  across  the  rift, 
which  suggested  the  intrusion  of  magma  into  this  area.  This  led 
to  a forecast  of  renewed  activity  on  the  NERZ  sometime  before 
the  summer  of  1978.  The  forecast  timing  proved  erroneous,  but 
the  scenario  was  correct  as  to  the  place  and  character  of  the 
subsequent  eruption. 

The  Mauna  Loa  summit  inflated  rapidly  during  the  first  two 
years  after  the  1975  eruption,  but  at  lesser  rates  after  1977. 
Modeling  of  geodetic  data  showed  that  this  inflation  was  caused 
by  magma  accumulation  in  a shallow  storage  reservoir  beneath 
the  southern  edge  of  the  summit  caldera.  Seismic  activity  was 
steady,  although  rates  of  intermediate-depth  earthquakes  began 
to  increase  in  1980,  as  did  rates  of  summit  deformation,  result- 
ing in  a renewed  forecast  (1983)  for  an  eruption  of  Mauna  Loa 
within  the  next  two  years. 

The  1984  summit-flank  eruption  began  at  0125  H.s.t., 
March  25  (during  a fortnightly  earth  tidal  minimum).  Eruptive 
fissures,  which  initially  opened  in  the  southwest  corner  of 
Mokuaweoweo,  quickly  propagated  down  the  upper  southwest 
rift  and  northeast  rift  zones,  but  eruptive  activity  was  soon 
limited  to  the  NERZ.  A dike  propagated  down  the  NERZ  at  an 
average  rate  of  1.2  km/h  during  the  day  and  was  marked  at  the 
surface  by  discontinuous  echelon  eruptive  fissures  and  earth 
cracks.  The  lowest  eruptive  vents  were  15  km  from  the  edge  of 
Mokuaweoweo,  between  2,770  and  2,930  m elevation;  activity 
was  restricted  to  these  vents  for  the  last  three  weeks  of  the 
eruption.  Eruptive  temperatures  throughout  this  period 
remained  constant  at  about  1,140  °C.  Lava  production  began  to 
diminish  by  early  April,  and  lava  steadily  became  more  viscous, 
blocking  supply  channels  at  higher  and  higher  elevations.  When 
the  eruption  ended  on  April  15,  approximately  220  million  cubic 
meters  of  uniform  tholeiite  had  been  erupted,  covering  about  48 
square  kilometers  of  the  Mauna  Loa  surface.  Aa  lava  flowed  as 
far  as  27  km  from  eruptive  vents  to  the  900 -m  elevation,  to 
within  6 km  of  the  nearest  buildings  in  the  city  of  Hilo. 

Repeated  geodetic  and  gravity  measurements  made 
throughout  the  eruption  documented  a substantial  deflation  of 
the  Mauna  Loa  summit.  The  maximum  measured  subsidence,  in 


the  southern  part  of  the  summit,  was  630  mm,  and  typical 
trilateration  survey  lines  across  Mokuaweoweo  contracted  an 
average  of  300  mm,  after  initial  dike-related  extensions  of  about 
600  mm.  The  summit  area  of  Mauna  Loa  began  to  re-inflate 
immediately  after  the  1984  eruption,  indicating  the  recharge 
processes  for  the  volcano's  next  eruption  have  already  begun. 

INTRODUCTION 

Mauna  Loa,  the  largest  active  volcano  on  Earth,  is  a classic 
basaltic  shield  on  the  Island  of  Hawaii  and  rises  to  4,170  m above 
the  north-central  Pacific  Ocean.  Mauna  Loa  erupted  in  July  1975 
for  the  first  time  in  25  years.  Another  much  larger  summit  and  flank 
eruption  followed  in  March  and  Apnl  1984.  Both  eruptions  were 
dearly  related  to  a continuum  of  seismicity  and  deformation  that 
began  in  1974.  This  paper  documents  some  of  the  events  of  this 
decade,  but  is  only  preliminary  to  more  detailed  analyses. 

At  the  beginning  of  1974  Mauna  Loa  had  not  erupted  since 
the  large  eruption  of  June  1950  (Macdonald,  1954).  Geophysical 
monitoring  of  Mauna  Loa  was  provided  principally  by  Hawaiian 
Vokano  Observatory  (HVO)  instruments  located  on  Kilauea  prior 
to  1964,  when  the  first  modem  seismometer  was  installed  at  the 
summit.  Thomas  A.  Jaggar  had  previously  placed  seismographs  at 
the  summit  at  various  times,  but  telemetry  logistics  limited  their 
utility.  R.W.  Decker  established  a single  EDM  (Electronic  Dis- 
tance Measurement)  survey  line  across  Mokuaweoweo  caldera  in 
1964,  and  annual  reoccupation  of  this  line  (expanded  to  three  lines 
by  1973)  provided  the  only  geodetic  control.  These  transcaldera 
lines  showed  no  significant  changes  prior  to  1974.  Earthquake 
activity  was  at  low  levels,  as  it  had  been  for  the  previous  24  years. 

The  historical  record  of  Mauna  Loa's  past  eruptive  behavior  is 
lamentably  brief — the  first  specific  account  describes  the  eruption  of 
1832,  viewed  from  150  km  away.  From  1832  to  1950  Mauna  Loa 
had  erupted  an  average  of  once  every  four  years;  the  24  years  of 
quiescence  from  1950  to  1974  was  the  longest  noneruptive  period  in 
the  volcanos  brief  recorded  history.  At  the  beginning  of  1974  there 
were  no  premonitory  indications  of  the  decade  of  vokanic  unrest  and 
eruption  which  was  soon  to  begin. 
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Figure  19.1.  — Daily  frequency  of  Mauna  Loa  tltorl  penod  aummil  earthquakes  (Af> 0. 1 X January  1974  to  October  1975  < modified  from  Lockwood  and  others,  1976, 

hg.  5X 


held  and  laboratory  efforts  of  the  entire  staff  of  the  Hawaiian 
Volcano  Observatory  from  1974  to  1984.  This  article  incorporates 
previously  published  data  of  N.G.  Banks,  L.P.  Greenland,  D.B. 
Jackson.  D.J.  Johnson,  K.A.  McGee,  Motoaki  Sato,  and  J.M. 
Rhodes  (see  Lockwood  and  others,  1985).  The  careful  review  and 
thoughtful  comments  of  PW.  Lipman  greatly  improved  the  man- 
uscript as  did  review  comments  by  T.L.  Wright. 

BEGINNING  OF  UNREST 

An  increase  in  the  number  of  summit  microearthquakes  was 
detected  m April  1974.  The  seismic  activity  continued  to  increase 
into  the  summer,  and  the  possibility  of  future  eruptive  activity  was 
noted  ( Koyanagi  and  others.  1975X  Efforts  to  monitor  the  Mauna 
Loa  activity  more  closely  were  frustrated  by  the  fact  that  Kilauea 
was  in  near-continuous  eruption  at  the  Mauna  Ulu  eruptive  vent 
during  the  first  half  of  the  year  (Tilling  and  others,  chapter  I6X  and 
brief  Kilauea  summit  eruptions  occurred  in  July.  September,  and 
December. 

Irilateration  measurements  across  Mokuaweoweo  caldera  in 


August  1974  revealed  that  significant  dilation  of  the  summit  caldera 
had  occurred  since  the  previous  measurements  in  1973.  This 
finding,  together  with  continued  increase  in  seismicity  in  the  summit 
area,  prompted  atpansion  of  the  Irilateration  network  to  eight  lines 
and  the  addition  of  two  seismometers,  placed  around  the  rim  of  the 
caldera.  Civil  authorities  were  briefed  on  the  situation,  and  through 
extensive  news  media  interest,  the  island  populace  was  alerted  to  the 
possibility  of  Mauna  Loa  eruptive  activity.  In  mid- December  1974 
the  microcarthquake  rate  (M>0. 1 ) increased  to  1 .500  per  day  (fig. 
19.  IX  and  the  conclusion  that  Mauna  Loa  was  awakening  was 
unescapable. 

Irilateration  measurements  at  the  summit  on  December  14 
showed  significant  dilation  (to  4 cm)  had  occurred  since  August.  On 
the  morning  of  December  15,  an  earthquake  of  magnitude  4.6 
below  the  southeastern  part  of  the  summit  area  was  felt  widely  on  the 
Island  of  Hawaii,  and  public  concern  was  intensified. 

From  late  December  1974  to  February  1975  heavy  snowfall 
blanketed  Mauna  l^oa  down  to  the  2,800-m  elevation  and  covered 
all  survey  stations,  preventing  their  reoccupation  until  early  June. 
Aerial  inspection  of  the  summit  area  in  April  showed  possibly 
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FlGURF.  19.2-  — Pit  oralrrs  along  upper  voulhwnl  rift  /one  of  Mound  Loa  ihowmg  possibly  anomaloui  inching  of  inuw  in  April  1975.  Lua  Hou  u in  lower  right  corner. 

Photograph  by  J.P.  Lockwood 


anomalous  melting  of  snow  in  two  pit  craters  on  the  upper  southwest 
rift  zone  and  along  parts  of  the  caldera  floor  (fig.  19.2). 

In  early  spring  of  1975  additional  trilateration  survey  networks 
were  established  at  lower  elevations  in  order  to  measure  strain  across 
Mauna  Loas  southwest  rift  zone  (SWRZ)  and  northeast  rift  zone 
(NERZX  The  Mokuawcoweo  trilateration  network  was  occupied 
on  June  4 and  showed  as  much  as  10  cm  of  dilation  of  the  summit 
since  December. 

Earthquakes  between  January  1974  and  June  1975  occurred 
at  intermediate  depths  (5-13  km)  northwest  of  the  summit  and  at 
shallow  depths  (<5  km)  beneath  and  to  the  southwest  of 
Mokuaweoweo  (fig.  19. 3X  The  number  of  intermediate -depth 
earthquakes  increased  first  and  was  soon  followed  by  an  increase  in 
the  number  of  shallow  earthquakes,  commonly  exceeding  several 
hundred  per  day.  Intense  swarms  occurred  in  August  and  December 


1974.  and  again  from  February  through  June  1975. 

[During  the  week  of  June  30  to  July  4 three  borehole  tiltmeters 
were  installed  on  Mauna  Loas  summit  and  north  flank.  One  of  these 
tihmeters  was  to  be  destroyed  by  a lava  flow  in  a few  hours,  before 
final  adjustments  could  be  made. 


THE  ERUPTION  OF  JULY  5-6,  1975 

No  unusual  activity  was  noted  on  the  Mauna  Loa  seismograms 
during  the  early  evening  of  July  5;  seismicity  was  at  relatively  low 
levels.  At  2318  H.s.t.  (all  times  given  in  Hawaii  standard  timeX 
however,  seismic  alarms,  signifying  prolonged  high -amplitude  vol- 
canic tremor,  were  activated  in  homes  of  HVO  staff.  The  tremor 
had  been  first  recorded  by  three  seismometers  (stations  MOK. 
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EXPLANATION 
Depth  (km)  Magnitude 
♦ 0-6  o 1,5-2 

□ 6-13  □ 2-3 

013-20  □ 3-4 

A >20  CD  >4 

FIGURE  19.3. — Lvthqueke  foci  (Af^l.5)  keoenth  Mauna  Lm  summit  region  in 
18-raootfi  period  pnor  to  1975  erupt »oo  (January  I,  1974,  to  June  30,  I975)i 


SWR,  and  WIL,  sec  fig.  19.19)  near  Mokuaweoweo  at  2251. 
Staff  reached  HVO  at  2330  and  saw  that  harmonic  tremor  was 
being  recorded  on  all  Mauna  Loa  and  Kilauea  seismographs. 
National  Park  and  civil  defense  authorities  were  alerted  to  the 
imminent  probability  of  a Mauna  Loa  eruption,  and  at  2342  a small 
glow  was  noted  above  the  southwest  end  of  Mokuaweoweo.  Within 
one  minute  the  glow  extended  across  the  entire  summit  area,  and  a 
fume  cloud  more  than  one  thousand  meters  high  was  illuminated  with 
a bright  orange-red  glow  from  the  unseen  lava  fountains  on  the 
caldera  floor. 

A light  airplane  with  two  HVO  staff  members  aboard 
reached  the  summit  area  at  0148;  a line  of  fountains  20-50  m high 
crossed  the  entire  floor  of  Mokuaweoweo  at  this  time  and  extended 
about  1 km  down  the  SWRZ.  Lava  cascades  90  m high  were 
pouring  into  the  three  pit  craters  on  the  upper  SWRZ  (fig.  19.4). 
Flows  were  rapidly  advancing  to  the  west  and  southeast  from  the 
SWRZ  vents.  The  eruptive  fissures  extended  rapidly  northeast- 
ward, across  North  Pit,  and  into  the  upper  NERZ  at  0225.  At 
0245  lava  from  the  North  Pit  vents  began  cascading  into  another 
summit  pit  crater,  Lua  Poholo  (sec  fig.  19. 6).  By  0315.  the  lava 
fountains  on  the  SWRZ  and  within  Mokuaweoweo  were  waning, 
and  the  lava  flows  moving  to  the  west  and  southeast  had  stagnated. 
Fountains  continued  to  migrate  eastward  along  the  NERZ.  but  by 


dawn  eruptive  activity  was  largely  restricted  to  echelon  vents  near 
the  NERZ  3,700-m  level  (fig.  19.5* 

A voluminous  aa  flow  moved  about  2 km/h  down  Mauna  Loa's 
north  flank  and  threatened  to  cut  the  paved  access  road  and 
powerlines  to  the  Mauna  Loa  Observatory  (an  atmospheric  research 
station  operated  by  the  National  Oceanic  and  Atmospheric  Admin 
is  t rat  ion,  fig.  19.6*  At  about  0715  fountains  feeding  this  aa  flow 
subsided,  and  it  soon  stopped  about  100  m from  the  Observatory 
road,  having  traveled  5.2  km.  Fountaining  continued  at  greatly 
diminished  levels  throughout  the  day,  but  ceased  by  nightfall. 
Approximately  30  X I06  m3  of  lava  had  been  erupted,  and  13.5 
km2  of  the  Mauna  Loa  summit  area  had  been  covered  (fig.  19.6* 

The  erupted  lava  includes  both  aa  and  pahoehoe.  This  lava 
consists  of  dense  pahoehoe  within  the  caldera  and  mostly  highly 
vesicular,  shelly  pahoehoe  near  eruptive  vents  on  the  rift  zones.  The 
flows  are  mostly  blocky  aa  more  than  500  m from  eruptive  vents  and 
become  more  dense  toward  the  distal  ends  of  flows.  The  rock  is 
nearly  aphyric  tholciite  (table  19.1*  with  sparse  (<l  percent) 
olivine  phenocrysts  to  3 mm  diameter.  About  90  percent  of  these 
flows  were  subsequently  buried  by  1984  lava  (see  fig.  19.33* 

A trilateration  survey  on  July  7 showed  that  individual  survey 
lines  across  Mokuaweoweo  had  extended  by  as  much  as  760  mm 
since  the  previous  measurements  in  1974,  principally  reflecting  the 
July  5 intrusion  of  a dike  across  the  caldera. 

THE  POSSIBILITY  OF  RENEWED  ACTIVITY 

July  7-12  was  a period  of  great  public  concern,  as  an 
outbreak  of  lava  lower  along  the  NERZ  seemed  possible,  in  light  of 
both  the  on-going  seismicity  and  the  numerous  historical  examples  of 
brief  summit  eruptions  followed  within  a few  days  by  flank  outbreaks 
(for  example,  April  1942,  see  Macdonald,  1954*  Magma  was 
clearly  being  intruded  into  the  middle  NERZ  from  July  6-12,  as 
harmonic  tremor  continued,  and  several  hundred  small  earthquakes 
occurred  daily  within  the  NERZ.  Epicenters  of  these  earthquakes, 
dozens  of  which  were  felt,  were  concentrated  near  the  2,900-m  level 
on  the  NERZ,  just  southeast  of  Puu  Ulaula  (fig.  19.7*  A 
trilateration  network  near  Puu  Ulaula  was  reoccupied  on  July  8 and 
showed  significant  dilation  since  installation  of  the  network  on  May 
28.  On  July  9,  the  network  was  again  reoccupied  and  indicated 
continued  dilation  (as  much  as  4 cm  extension  on  individual  survey 
lines*  Also  on  July  9,  an  earthquake  of  magnitude  4.5  near  Puu 
Ulaula  was  felt  throughout  the  island.  Trilateration  measurements  at 
the  summit  on  July  10  showed  that  the  caldera  had  contracted  since 
July  7 (as  much  as  5 cm  of  negative  extension  on  some  lines* 
presumably  as  magma  drained  into  the  NERZ.  Harmonic  tremor 
began  to  diminish  in  amplitude  on  July  10,  and  between  July  9 and 
12  the  geodimeter  lines  near  Puu  Ulaula  also  contracted  as  much  as 
5 cm.  With  this  information,  the  week-long  24-hour  alert  ended. 

The  historical  record  of  Mauna  Loa  activity  shows  that 
isolated  eruptions  similar  to  that  of  July  1975  (those  not  followed 
within  a few  days  by  flank  outbreaks)  are  nearly  always  followed  by 
more  voluminous  flank  eruptions  after  a period  of  2-3  yean 
(Dutton,  1882,  p.  140;  Steams  and  Macdonald,  1946,  p.  82*  On 
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Figure  19.4. — Atnil  View  of  lava  UKidn  mlo  Lua  Hou,  upper  touthweat  nft  zooe.  July  6,  1975.  0240  H.i.t.  Cascade  height  about  90  m Phonograph  by  R.T. 

Holcomb. 


FIGURE  19.5. — Oblique  aenaJ  view,  looking  wr*t.  of  echelon  eruptive  future*  m 
Pohaku  Hanalri  area  at  dawn  on  July  6.  1975  Photograph  by  D W.  Prtenon 
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Future.  I*)  6.  — Dialnbutxxi  of  July  5-6.  1975  lava  «nd  itrwAphic  feature*  of  Maura  Loa  lumnwl  arc  a Map  by  R.T.  Holcomb.  U.S.  Geological  Survey.  1975. 


TaOLL  19.1. — Mufor  ekmcnt  comfioutioiu  o 1 1975  Afuunu  Loa  laM 

[ NERZ . no*tbra»t  rdl  rune,  5WR/.  touthwm  rtft  tome.  \1<  >K.  MelUMMMtom  M 1.77V I to  27.  cuntenlnfeal  rock  uulvm  by  V.C.  Samtk.  ML-4  to  -127.  X-ray  Uuor r*< rm r analvtet  by 
J.M  Rhode*,  repotted  on  >ulaldr  ftre  bait*.  ***lh  total  i*ot»  reputed  a*  Ff/V  data  nut  availably 
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FIGURE  19.8. — Chronology  of  summit  and  northeast  rift  tone  Sank  eruptions.  1849  to  1975  (modified  from  Lockwood  and  others,  1976,  fig.  4k 


the  basis  of  this  pattern  (fig.  I9.8X  and  the  accumulating 
geophysical  information  on  Mauna  Loa’s  post -eruptive  inflation,  the 
1975  eruption  was  recognized  as  the  forerunner  of  future  activity 
(Lockwood  and  others,  1976,  p.  15): 

The  historical  record  thus  suggests  that  the  summit  eruption  of  July  1975  was 
the  fcrst  phase  of  an  eruptive  sequence  that  will  culminate  with  a major  eruption  on  the 
Sanlu  of  Mauna  Loa  sometime  before  the  summer  of  1978.  This  flank  eruption  will 
bkrty  be  closely  preceded  by  brief  summit  activity.  If  the  Mauna  Loa  activity  of  July 
6- 10  u a reliable  irabtalo*.  we  can  expect  the  flank  vents  to  open  between  2,800  and 
3,000  m an  the  northeast  rrft  /one  in  the  VKBisty  of  Pviu  Ulaula.  On  the  basis  of  the 
histone al  record,  we  can  opect  relatively  low  fountains  (50-75  m high)  to  form  a 
‘curtain  of  fire'  extending  I to  3 km  along  the  nft  lone.  The  mitial  rale  at  lava 
production  will  be  high,  as  are  slope  gradients  high  on  Mauna  I xt*.  so  that  lava  may 
travel  up  to  10  lun  from  eruptive  vents  during  the  first  24  48  hours.  Because  the  rate 
of  lava  production  should  dsnumih.  because  the  slopes  of  Mauna  Loa  become  more 
gentle  al  lower  elevations,  and  because  lava  will  be  farther  from  its  supply  vents,  the 
flow  rale  will  soon  slow  dramatically. 

This  scenario  proved  to  be  correct  in  all  details,  except  for  the 
timing,  which  was  in  error  by  almost  six  years  (!)i 


THE  INTERERUPTIVE  PERIOD:  1975-1984 

During  this  penod  the  number  of  earthquakes  beneath  Mauna 
Loa  s summit  gradually  increased  in  frequency.  Geodetic  monitoring 
showed  that  Mauna  Loa  continued  to  inflate  at  an  essentially 
continuous,  but  irregular  rate,  reflecting  the  rise  of  magma  into  a 
shallow  reservoir  beneath  Mokuaweoweo,  The  seismic  and  deforma- 
tion data  together  allowed  definition  of  the  general  location  and 
depth  of  this  reservoir  (Decker  and  others.  1983).  Civil  authorities 
were  kept  appnsed  of  Mauna  Loas  inflation  and  the  potential  threat 
to  the  city  of  Hilo,  and  contingency  plans  were  prepared  for  the 
diversion  of  lava  flows  above  Hilo  should  that  prove  necessary 
(Lockwood  and  Torgerson,  1980;  U.S.  Army,  I960). 

SEISMICITY 

Over  the  22-year  penod  1962-1984  shallow  earthquakes 
j (<5  km  deep)  were  concentrated  beneath  Mokuaweoweo  and  the 
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Ficukk  19.9. — Earthquake  fod  (A#»l.5)  beneath  Mauna  Loa  uanrait  region  from  January  I.  1962,  to  December  31.  1964.  A-A' , line  of  crow  wction  in  figure  19.10. 
Tbe  earthquake  foa  have  been  obtained  from  a network  of  about  30  mi  time  Mat  >om  cowering  the  entire  ItJand  of  Hawaii.  To  diounale  any  butt  from  mcreaung  number  of 
earthquake!  procetaed,  owing  to  the  increased  denuty  of  teiamometert  over  that  period,  only  earthquake*  of  magnitude  equal  to  or  larger  than  1 . 3 with  horizontal  and 
vertical  location  uncertainty*  of  lew  than  2 km  are  plotted. 


upper  SWRZ,  whereas  intermediate  depth  earthquakes  (5- 1 3 bn 
deep)  were  concentrated  beneath  the  northwest  flank  (figs.  19.9, 
19. 1 OX  After  the  1975  eruption  and  the  posteruption  swarm  of 
intrusion-related  earthquakes  in  the  NERZ  (fig.  I9.7X  shallow 
earthquakes  ceased  beneath  the  summit,  but  2-3  intermediate- 
depth  earthquakes  were  noted  each  year  until  1977,  when  they 
increased  to  about  20  per  year  (fig.  19. 1 IX  The  number  of  deeper 
earthquakes  (>  1 3 km)  per  year  was  unchanged  over  the  entire  inter- 
eruptive  period.  Shallow  earthquakes  began  again  m 1977,  and 
their  rate  generally  continued  to  increase  until  the  1984  eruption  (fig. 

I9.I2X 

SEISMIC  INTERPRETATION 

The  shallow  earthquakes  are  believed  to  occur  in  brittle  rocks 
capping  a magma  storage  reservoir.  The  intermediate-depth  earth- 
quakes northwest  of  the  summit  are  of  tectonic  origin  (E-  Endo, 
written  commun. , 1983)  and  may  be  related  to  stresses  built  up  in 


response  to  the  wedging  effects  of  shallow  dikes  emplaced  along  the 
summit  caldera  and  rift  zones.  The  deeper  earthquakes  may  be 
caused  by  the  opening  of  deep  feeder  conduits  between  the  mantle 
magma  source  and  the  higher  magma  storage  reservoirs. 

DEFORMATION 

Following  the  large  dike-related  dilation  of  Mokuaweoweo  on 
July  5,  1975,  and  the  subsequent  slight  contraction,  tnlateration 
lines  across  the  caldera  continued  to  extend  (fig.  19. 13X  Repeated 
tnl iteration  measurements  between  the  summits  of  Mauna  Loa, 
Mauna  Kea,  and  Hualalai  revealed  that  the  extensions  across 
Mokuaweoweo  were  mostly  accommodated  by  southeastward  trans- 
lation of  Mauna  Loa*  southeast  flank.  The  northwest  flank  was  only 
slightly  compressed  by  the  Mauna  Loa  inflation.  The  summit 
inflation  is  also  indicated  by  spirit-level  (dry-tilt)  measurements  (fig. 
19.1 4X  Spirit-level  measurements  were  made  by  precise,  repeated 
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optical  levels  on  stadia  rods  placed  at  bench  marks  arranged  in  a 
triangle  with  approximately  30-  to  40-m  base  legs  (Yamashita, 
1981).  Rapid  outward  tilt  rates  (inflation)  persisted  for  one  year 
after  the  1975  eruption,  followed  by  more  moderate,  though  contin- 
uous, inflation  after  1976.  Level  data  for  the  summit  region  show 
greatest  vertical  uplift  near  the  summit.  The  uplift  profile  (fig. 
19.15)  fits  the  theoretical  uplift  (Mogi,  1958)  calculated  for  a 
pressure  point  source  at  3. 1 km  depth. 


DEFORMATION  INTERPRETATION 

Simultaneous  inversion  of  horizontal,  vertical,  and  tilt  data  for 
the  period  1977-1981,  using  the  methods  of  Dvorak  and  others 
(1983)  further  refined  the  location  of  the  shallow  inflation  source 
(table  19,2;  see  fig.  19. 19)  In  table  19.2  the  longitude  and  latitude 
of  the  apex  of  inflation  are  x and  yt  respectively,  and  z is  the  depth  to 
the  point  pressure  source  beneath  the  apex  of  inflation,  referred  to 
the  elevation  of  the  caldera  floor.  The  volume  values  show,  for  each 
data  source,  the  total  volume  of  swelling,  which  represents  the 
minimum  volume  of  increased  magma  storage  at  depths  of  3 to  4 km. 
The  bulk  rigidity  and  compressibility  of  the  system  are  not  known; 
thus  magma -volume  changes  cannot  be  estimated.  The  base  values 
show  the  amounts  of  theoretical  uplift  of  the  reference  bench  mark 
required  to  make  the  elastic  model  best  fit  the  observations.  The 
sigma  values  show  the  quality  of  fit  between  the  least -squares  model 
and  the  observations. 

It  is  clear  from  all  the  deformation  measurements  that  they  fit  a 
point -source  elastic  model  reasonably  well  and  that  they  define  a 
common  center  of  uplift  and  a surprisingly  shallow  pressure  source. 
The  similarity  between  the  surface-deformation  pattern  of  the  sum- 
mit areas  of  Mauna  Loa  and  Kilauea  Volcanoes  is  striking.  On 
Kilauea,  the  pressure  source  is  about  3 km  deep  (Piske  and 
Kinoshita,  1969;  Swanson  and  others,  1976)  and  inflations  and 
deflations  of  the  summit  area  show  similar  patterns  to  those  measured 
on  Mauna  Loa.  Lven  though  the  lower  zones  of  the  magma 
chambers  beneath  Mauna  Loa  and  Kilauea  reach  to  several  kilo- 
meters depth  on  the  basis  of  seismic  evidence  (Koyanagi  and  others, 
1975;  Ryan  and  others.  1981 X the  changes  in  surface  deformation 
on  both  volcanoes  indicate  that  the  zone  of  active  magma  input  and 
removal  is  quite  shallow,  near  the  upper  portion  of  the  asetsmic  zones 
underlying  both  calderas. 

The  injection  of  magma  into  Mauna  Loas  shallow  storage 
reservoir  over  the  1977-1981  period  caused  an  average  surface- 
volume  change  of  about  4 X I06  mVyr.  This  value  is  only  14  percent 
of  the  average  historical  Mauna  Loa  effusion  rate  of  29  X 106  m5/yr 
(Lockwood  and  Lipman.  chapter  18)  ami  if  characteristic  of  the 
entire  1975-1984  inter-eruptive  period  the  cumulative  amount 
intruded  would  account  for  only  1 6 percent  of  the  volume  erupted  in 
1984.  For  these  reasons  it  is  probable  that  magma  was  also 
accumulttng  at  deeper  levels  within  Mauna  Loa  during  the 
1975-1984  period.  A schematic  cross  section  of  one  possible  model 
for  the  shallow  magma -reservoir  system  beneath  Mauna  Loa  shows 
the  top  of  this  shallow  reservoir  to  be  at  about  sea  level  (fig.  19.16) 
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Figure  19.11. — Tmr.  magnitude,  and  depth  distribution  d Mauna  Lou  earthquakes  for  prnod  January  I.  1974,  to  December  31 . 1984.  Earthquakes  plotted  are  thoae 
with  -'V/ >1.5  located  m area  shown  m tig.  19.9.  Absence  of  earthquakes  between  3 and  6 km  depth  suggests  location  d Mauna  Lou's  shallow  magma  storage  reservoir. 
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FlCURE  19. 12.  — Cumulative  frequency  plot  of  all  earthquake*  of  magnitude  equal  to  or  greater  than  1 .5  beneath  Mauna  Loa  summit  region,  from  January  1 , 1962,  to 
December  31,  1964.  Area  included  *how»  in  figure  19.9.  No*e  increase  in  intermediate  depth  earthquake*  associated  with  M = 6.6  earthquake  of  November  16, 1963. 
and  its  aftershocks. 


Zone  A,  the  part  of  the  magma-reservoir  system  that  most  influences 
summit  geodetic  changes,  is  probably  a region  that  inflates  slowly 
between  eruptions  and  deflates  rapidly  during  eruptive  activity,  j 
Zone  B may  also  be  a region  of  magma  storage,  but  is  less  active 
than  zone  A;  it  has  less  impact  on  surface  deformation  monitors. 
Both  zones  are  inferred  to  be  plexi  of  molten  intrusions  separated  by 
screens  of  hot  but  more  solid  rock. 

High -temperature  (to  350  fcC)  fumaroles  were  continuously 
active  along  the  central  part  of  the  1975  eruptive  fissures  during  the 
entire  nine- year  inter-eruptive  period.  These  fumaroles  produced 
visible  fume  (fig.  19.17)  in  dry  as  well  as  in  humid  weather  and 
commonly  produced  a dense  blue  haze  on  Mauna  Loa  s upper  north 
flank,  especially  during  morning  hours.  This  fume,  mostly  of 
atmospheric  composition,  contained  relatively  high  concentrations  of 
C02.  which  was  frequently  detected  at  the  NOAA  Mauna  Loa 


Observatory  during  morning  hours  of  downs  lope  air  movement 
(Miller  and  Chin,  I978X  This  fuming  ceased  immediately  after 
cessation  of  the  1984  eruptive  activity,  and  the  Mauna  Loa  summit 
is  now  clear  of  visible  fume  (see  Lockwood  and  Ljpman,  chapter 

18,  fig.  18.27) 

Kilauea  erupted  more  than  six  times  during  the  1975-1984 
inter-eruptive  period  (1977,  1979,  1980,  twice  m 1982,  and 
multiple  episodes  in  1983-1984)  Mauna  Loa  exhibited  no  known 
sympathetic  behavior  with  any  of  the  Kilauea  activity,  suggesting  the 
independence  of  their  magma  storage  systems. 

THE  1984  ERUPTION 

Based  on  the  post- 1 975  deformation  and  seismic  data.  Decker 
and  others  (1983)  forecast  an  “increased  probability  for  an  eruption 
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FIGURE  19. 13. — DiUboo  of  Mokuaweoweo,  December  1965  to  May  1965,  a»  cneawred  by  tnUteralion  surveys  between  stitnns  HV092  wd  HV093  (station  locations 
shown  an  hg.  19.193  Abrupt  extensions  cm  July  5,  1975.  and  on  March  25.  1984,  were  associated  with  dike  emplacement  during  1975  and  1964  eruptions. 


of  Mauna  Loa  during  the  next  two  years."  The  inflation  center  was 
determined  to  underlie  the  south  rim  of  Mokuaweoweo,  and  it  was 
suggested  that  the  eruption  would  follow  historical  patterns  by 
beginning  in  the  summit  area. 


PREMONITORY  PHENOMENA 

PREERUPTION  SEISMICITY 

Shallow*  and  intermediate-depth  earthquakes  increased  in 
frequency  beneath  Mauna  Loa  from  1980  to  1983,  culminating 
with  a swarm  of  intermediate-depth  earthquakes  (5-13  km  deep) 
beneath  the  northwest  flank  in  mid-September  1983  (fig.  19.18). 
First-motion  analyses  suggest  that  these  September  earthquakes 
resulted  from  increasing  lateral  stresses  generated  in  the  summit  and 
upper  SWRZ,  possibly  as  a consequence  of  intrusion  of  magma 


beneath  the  summit  and  upper  rift  zones  (E.  Endo,  written  com- 
mun.,  I983)l 

At  0613  H.s.l.  November  16,  1983,  a damaging  M = 6.6 
earthquake  occurred  beneath  Mauna  Loa’s  southeast  flank  (fig. 
19. 19).  The  earthquake  generated  an  extensive  aftershock  sequence 
20  km  across,  with  the  northern  perimeter  bordering  Mauna  Loa’s 
NERZ.  Seismicity  remained  high  in  the  vicinity  of  Puu  Ulaula  until 
merging  with  eruptive  seismicity  on  March  25,  1984. 

The  number  of  larger  earthquakes  (M > 1 . 5)  rose  persistently 
as  the  time  of  eruption  approached  (figs.  19.11,  19. 12X  The  daily 
frequency  of  smaller  earthquakes  (Af  <1.5)  showed  a more  episodic 
increase,  peaking  one  week  before  the  eruption  but  decreasing  to 
below  average  on  the  day  before  the  outbreak  (fig.  I9.20)i  The 
overall  distribution  of  earthquakes  in  the  16  months  before  the 
eruption  (fig.  19.18)  is  remarkably  similar  to  distribution  of  earth- 
quakes in  the  16  month  period  before  the  July  5,  1975,  eruption 
(fig.  I9.3> 
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FIGURE  19.14. — Spirit  level  tih  changes  at  th ree  Mauna  Loa  summit  stations, 
1975  to  1985  (m  fid.  19.  |9  for  station  locations}  Darkened  symbols  air  north- 
south  component,  open  symbols  are  east -west  component.  Positive  tilt  changes 
indicate  north  or  east  down.  Arrows  show  inflation  direction  for  individual  lift 
components.  Summit  inflation  ts  recorded  at  all  stations  prior  to  and  after  March 
25  to  April  15.  1984  eruption. 


RADIAL  OlSTANCE  FROM  CENTER  OF  UPLIFT.  IN  KILOMETERS 

FIGURE  19.15. — Comparison  of  obaerved  elevation  changes  m summit  area  (from 
1977  to  1981  leveling  surveys)  with  best -fit  elastic  deformation  model  (sohd  curve); 
tee  figure  19. 19  for  level  station  locations  and  calculated  uplift  center  (from  Decker 
and  others.  1983,  fig.  10} 


TABLE  19.2 — Manna  Lao  gcodclK  data.  1977-1981 
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DISTANCE.  IN  KILOMETERS 

Figure  19. 16.  — Approximately  truescale  schematic  crow  seclson  of  proposed  magma  reservoir  system  beneath  Mokuaweoweo  defined  by  an  mhw  zone.  Crou  section 
and  earthquake  hypoc  enters  same  as  in  upper  12  km  of  figure  19. 10.  except  earthquakes  after  May  1983  omitted  Double  circle  in  rone  A shows  point  source  inflation 
center  calculated  with  1977-81  deformation  data  (from  Decker  and  others,  1983.  fig.  14} 


Figure  19.17. — Fumarolcs  along  1975  eruptive  fissures  m Mokuaweoweo  caldera,  view  to  north -northeast  1940  cone  in  lower  left.  Manna  Kea  in  batkground. 

Photograph  taken  December  1977  by  J P Lockwood. 
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Figure  19.19.— Mama  Loa  Mmnit  area.  ihowrn*  location  of  stations  and 
feature*  NERZ.  northeast  nft  woe;  SWRZ.  southwest  rift  woe;  5P,  dectnca] 
self-potential  survey  line. 


Figure  19.16. — Earthquake  locations  in  summit  region  for  lb-month  period 
before  1964  eruption  (September  24.  1902,  to  March  24,  I964>  Compare  with 
figure  19.3. 
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MARCH  1 984 


FlCURE  19.20. — Hourly  counts  of  Mauna  La*  short  period  summit  earthquakes  for  period  March  15-30,  1904.  Increase  ui  eaithquake  frequency  after  March  27 
accompanied  deflation  of  Mama  Loa  summit.  Lxiw  counts  on  the  morning  of  March  25  reflect  period  of  masking  by  background  of  high-amplitude  Iranor. 


FlCURE  19.21.  — Variation  of  temperature  ft)  and  hydrogen  (H^)  activity  in  a fumarole  on  1975  eruptive  fissure.  Mokuaweoweo  caldera,  between  November  5.  1963,  and 
March  24.  1984.  Temperature  values  are  not  held  calibrated.  l*arge  diurnal  temperature  variations  may  be  caused  by  artificial  instrumental  amplification.  Hydrogen 
activity  is  referenced  to  a nonquanlitatrve  instrumental  standard.  Data  from  M.  Sato  and  K.  McGee,  U.S.  CieologK.il  Survey  (from  Lockwood  and  others,  1965. 
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Fk.LKK  19.22.  — Obliqur  arrui  vio*.  looking  ioulhwnl,  of  1984  miptivr  huurr  al  ioulKv.nl  edge  of  Mokuawruwpo.  Fusure  alrmii  aaou  Makiuwtowra.  acrou  1940 
and  1949  coon,  and  down  the  kmjIKwpM  rift  row  Reflective  pahorfioe  flown  or  caldera  floor  and  down  upper  southwest  rift  were  all  erupted  on  March  25.  Note  1975 
eruptive  hssure  at  northwest  base  of  1 940  cone.  Photograph  by  F.  K Warshauer. 


PRE  ERUPTION  DEFORMATION 

Trilateration  and  tilt  surveys  showed  that  the  inflation  continued 
at  a steady,  but  nonincreasing  rate  almost  to  the  1984  outbreak  and 
gave  no  cause  for  alarm  (figs.  19.13,  19. I4X 

FUMAROLE  MONITORING 

A remote  station  for  monitoring  M2  activity  and  temperature 
was  installed  in  a fumarole  situated  along  a 1975  eruptive  fissure  in 
Mokuaweoweo  on  November  5,  1983  (Lockwood  and  others,' 
I985X  Ilie  first  nse  in  temperature  above  the  diurnal  fluctuations 
was  observed  in  the  afternoon  of  November  18,  1983  (fig.  19.21  X 

A brief,  small  increase  in  ll2,  as  measured  by  activity  of  an 
H2-02  fuel  cell,  was  recorded  concurrently  with  this  temperature 


increase.  The  H2  level  had  been  stable  before  then,  but  gradually 
began  to  rise  on  November  21 . Could  these  November  changes  have 
been  related  to  the  Af  = 6.6  earthquake  of  November  16?  Both 
temperature  and  H2  increased  on  December  1 3,  and  on  December 
14  an  anomalous  steam  cloud  was  seen  rising  to  about  I km  above 
Mokuaweoweo.  The  fumaroles  were  visited  on  December  17,  but 
temperatures  and  fuming  were  normal. 

The  H 2 level  gradually  increased  again  through  late  December 
and  early  January.  Three  thermal  events  lasted  for  4 to  9 days  in 
mid-January,  early  February,  and  early  March.  The  H2  levels 
showed  concurrent  changes,  but  the  correlations  were  negative  in 
1984,  contrary  to  the  positive  correlations  observed  in  1983.  The 
reversal  may  indicate  a change  in  the  nature  of  emitted  gases  from 
reducing  (H2-rich)  to  more  oxidized  (H 2Of  02-nchX  The  last  data 
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FlCUHF.  19.23.  — Echelon  eruptive  fmurri  in  Poluku  Han&let  area,  northeast  rift 
zone  at  dawn  on  March  25.  1964.  Compare  with  1975  vent  locations  (hg.  I9.5X 
View  to  west.  Photograph  by  J.D.  Gnggs. 


transmission  ( I h before  the  sensors  were  destroyed  at  the  eruption 
onset)  showed  normal  background  levels  with  no  portent  of  the 
imminent  events. 


VISUAL  OBSERVATIONS 

On  March  18.  1984,  dull  red  glow  was  spotted  along  a crack 
(1975  fissures?)  on  the  Mokuawcowco  floor  by  a hiker,  but  his 
report  did  not  reach  HVO  until  after  the  eruption  began.  On 
March  23.  several  observers  spotted  “steam  clouds"  rising  above 
Mokuaweoweo.  On  March  24,  the  day  before  the  eruption,  M.M. 
Godchaux  of  Mount  Holyoke  College  reportedly  saw  rocks  and 
steam  being  ejected  from  the  1975  fissures,  near  the  center  of 
Mokuaweoweo,  but  there  was  no  means  to  alert  HVO. 


ERUPTION  NARRATIVE 

Seismic  stations  MOK,  WIL,  and  SWR  along  the  nm  of 
Mokuaweoweo  (fig.  19. 19)  began  to  record  an  increase  of  shallow 
earthquakes  at  2255  H.s.t.,  March  24  (fig.  I9.20X  Earthquakes 
less  than  M = 0. 1 were  recorded  at  a rate  of  2-3  per  minute  after 
this  time.  At  2330  an  increase  in  seismic  background  marked  the 
onset  of  harmonic  tremor.  ITie  onset  of  tremor,  which  presumably 
recorded  the  beginning  of  magma  ascent  to  the  surface,  coincided 
with  a fortnightly  earth  tidal  minimum.  A correlation  between 
eruptive  activity  and  fortnightly  tidal  minima  was  also  noted  at  a 
19th  century  eruption  of  a volcano  in  El  Salvador  (Golombek  and 
Carr,  I978X  but  this  is  not  a general  characteristic  of  Mauna  Loa 
eruptions  (Dzurisin,  I960).  The  earthquake  swarm  and  tremor 
strengthened  rapidly  just  before  0100,  March  25.  At  0056  it 


became  impossible  to  stabilize  astronomical  telescopes  on  the  summit 
of  Mauna  Kea,  42  km  to  the  northwest,  owing  to  ground  oscilla- 
tions, and  observations  were  impossible  for  the  next  2 hours. 

An  infrared  sensor  in  a military  satellite  recorded  a “strong 
signal"  from  Mauna  Loa  at  0125:16  on  March  25;  this  signal 
indicated  the  first  surface  outbreak  of  the  eruption.  At  0130 
observers  at  the  Mauna  Kea  summit  and  at  F\iu  Ulaula  spotted  a 
red  glow  reflected  off  fume  clouds  above  the  southwest  part  of 
Mokuaweoweo  (at  about  4,015  m elevation X Eruptive  fissures 
migrated  rapidly  down  the  upper  SWRZ  to  3,890  m.  across  the 
1940  cone,  and  to  the  northeast  across  Mokuaweoweo,  a few  meters 
southeast  of  the  1975  fissures  (fig.  I9.22X  At  0357  fountains 
extended  into  the  upper  NERZ  and  migrated  in  a series  of  south- 
stepping  echelon  fissures  eastward  (fig.  I9.23X  south  of  the  1975 
fissures  (compare  with  fig.  I9.5X  At  about  this  time  the  fountains 
died  out  on  the  SWRZ  and  began  to  wane  within  Mokuaweoweo. 
By  0700  the  fountaining  was  restricted  to  a zone  on  the  NERZ 
between  3,700  and  3,780  m.  At  0910,  however,  new  fountains 
appeared  7 km  farther  east,  at  3,410  m.  The  fissure  feeding  this 
new  outbreak  migrated  rapidly  uprift  and  downrift,  and  by  0930  a 
2 -km -long  “curtain  of  fire"  was  active  between  3,400  and  3,470  m 
elevation.  Fountains  were  10-50  m high  along  this  fissure,  and  lava 
output  was  estimated  at  l-2x  I06  m3/h.  A narrow  flow  moved 
about  5 km  down  the  southeast  flank  from  these  vents,  southwest  of 
the  1880  flow.  At  1030,  profuse  steaming  was  noted  along  a l-km- 
long  fracture  system  between  3,260  and  3, 1 70  m,  but  there  was  no 
further  downrift  migration  of  fountains  for  several  hours,  and  lava 
production  again  waned. 

At  1641  a new  eruptive  fissure  opened  below  Puu  Ulaula  at 
about  2,850  m elevation,  19  km  east  of  the  original  outbreak  point 
within  Mokuaweoweo.  These  vents  opened  south  and  slightly  uprift 
from  the  principal  vent  of  the  previous  NERZ  eruption,  that  of 
1942  (fig.  I9.24X  The  dike  feeding  these  vents  had  migrated  down 
the  NERZ  at  an  average  rate  of  1 ,200  m/h  (fig.  I9.25X  The  new- 
eruptive  fissure  migrated  rapidly  both  uprift  and  downrift,  and  by 
1830  a 1,700-m-long  “curtain  of  fire"  was  active  between  2,770 
and  2,930  m elevation.  All  fountains  farther  uprift  quickly  waned, 
and  for  the  next  three  weeks  eruptive  activity  was  confined  to  these 
lower  vents,  hereafter  called  the  2,900  m vents.  Six  principal 
structures  eventually  formed  around  localized  vents  along  this  fissure, 
including  a cinder  cone  at  the  uprift  end  and  a lava  shield  at  the 
downrift  end  (fig.  I9.26X  Lava  fountains  were  low  and  never 
acceded  50  m in  height.  By  daybreak  on  March  26,  a fast-moving 
flow  from  the  2.900  m vents  had  traveled  9 km  to  the  northeast,  and 
three  shorter  flows  moved  eastward.  These  latter  flows  directly 
threatened  two  penal  facilities  at  1,600  m elevation — the  aban- 
doned Mauna  Loa  Boys  School  and  the  Kulam  Honor  Camp  (figs. 
19.27,  I9.28X  Inmates  were  prepared  for  evacuation  on  March  26 
but  the  flows  ceased  forward  movement  within  48  hours  and  never 
crossed  the  Powerline  Road  above  these  facilities  (fig.  I9.28X  On 
March  28  a 100-m-long  east-west  steaming  fissure  was  noted  on  the 
north  side  of  a prehistoric  spatter  cone  at  2,435  m elevation.  4 km 
east  of  the  lowest  eruptive  vents.  A dike  may  have  been  intruded 
below  this  area,  but  if  so  it  never  broke  the  surface.  I”he  principal 
flow  (flow  I on  fig.  19.28)  advanced  as  a narrow,  well-channelized 
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Figure  19.24.  — Oblique  ww*  of  mMJdlr  northeast  rift  in  area  of  2.900-m  vnti.  A.  Air*  before  eruptivr  activity;  photograph  taken  on  September  6,  1978.  B.  Area  after 
March  25.  1984  eruption,  photograph  taken  on  May  5.  1984  Location  where  1984  eruptive  knurr  later  opened  ihown  by  white  Imr  in  A.  Note  1984  lava  ikeld 
(arrow)  at  left  margin  of  R Photograph*  by  J.P.  laxkwood. 


aa  flow  on  top  of  and  between  the  flows  of  1852  and  1942. 
Although  flow  advance  rales  slowed  as  the  lava  moved  farther  from 
the  2.900  m vents,  the  flow  had  traveled  25  km  by  March  29, 
reaching  the  91  5 m elevation  and  causing  concern  in  the  city  of  Hilo, 
whose  nearest  buildings  were  then  6 km  away.  Several  square 
kilometers  of  native  rainforest  were  destroyed,  and  the  copious 
smoke  from  burning  vegetation  (hg.  I9.29X  as  well  as  large 
otplosions  from  accumulations  of  methane  gas  near  flow  margins, 
accentuated  the  apprehension  of  Hilo  residents. 

On  the  morning  of  March  29,  however,  a channel  levee  on  flow 
I collapsed  at  the  1,740  m elevation.  I 3 km  upstream  from  the  flow 


front.  Here  lava  was  diverted  to  form  a second  flow  parallel  to  the 
first,  and  most  of  the  supply  to  the  initial  lava  flow  was  cut  off.  The 
new  flow  (flow  IA  on  fig.  19.28)  also  moved  rapidly  downs  lope,  but 
did  not  overtake  flow  I until  Apnl  4.  Another  channel  collapse  and 
diversion  occurred  on  April  5 at  2.070  m elevation,  cut  off  the 
supply  to  flow  IA,  and  started  a new  branch  (flow  IBX  Lava 
production  at  the  2,900  m vents  had  begun  to  decrease  in  late 
March  (Lipman  and  Banks,  chapter  57,  table  57.3)  and  rates  of 
flow  within  the  feeder  channels  dearly  decreased  (fig.  19.30)  Lava 
in  the  channels  became  steadily  more  viscous  (see  section  “Lava 
Petrography  and  Temperatures” X and  channel  blockages  and  levee 
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Figure  19.24  —Continued. 


collapses  occurred  more  and  more  frequently.  Ill  esc  collapses 
restricted  lava  supply  to  the  lower  flow  fronts,  and  the  elevation  of 
the  lowest  active  flows  moved  steadily  upslope  (fig.  19.31  X easing 
the  threat  to  Hilo.  By  April  1 4 no  active  lava  flows  extended  more 
than  2 km  below  the  2,900  m vents;  the  eruption  ended  on  April  1 5. 

On  April  2 the  north  margin  of  flow  1A  abutted  against  a 40- 
m-long  segment  of  a lava  diversion  test  barrier  constructed  at  the 
1,150  m elevation  m 1977.  The  4-  to  5-m-high  barrier  impeded 
advance  of  this  10-  to  12-m-thick  portion  of  flow  I A for  6 days,  but 
was  finally  overtopped  by  a short  aa  tongue  on  April  8,  as  the  flow, 
now  cut  off  from  fresh  lava  supply,  continued  to  creep  forward 


because  of  gravitational  downslope  movement  of  its  molten  core  (fig. 

19.32). 

The  1984  lava  covered  an  area  of  about  48  km2  (figs.  19.28, 
I9.33X  and  about  220 X I06  m5  of  lava  was  erupted.  About  90 
percent  of  the  total  volume  was  erupted  from  the  2,900  m vents. 
Flow  thicknesses  ranged  from  less  than  1 m near  short-lived  vents  to 
as  much  as  18  m at  the  distal  ends  of  major  aa  flows. 

As  the  flows  cooled,  a thin  sublimate  coating  of  thcnardite 
(Na^jSC^X  as  identified  by  T.E.C.  Keith  (written  cornmun., 
I984X  formed  on  protected  surfaces,  and  in  late  April  many  flows  at 
higher,  dry  areas  looked  as  if  they  had  been  dusted  by  a light  snow. 
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FIGURE  19.25. — Eruptive  fiuure  (dike  propagation!  rales  on  March  25.  1984.  Upside-down  chevron  fissure  plots  indicate  propagation  both  upnft  and  down  rift  after  uutial 

surface  rupture. 


The  thenardite  was  as  thick  as  5 mm  as  a mat  of  very  fine,  acicular 
crystals  and  formed  after  the  rocks  cooled  below  incandescence,  but  J 
while  still  at  over  100  °C.  The  mineral  was  especially  common  on 
low  density  (more  permeable  ?)  aa  blocks.  This  mineral  is  fragile, 
and  water  soluble,  and  was  easily  blown  away  by  high  winds;  it  was 
not  seen  after  light  rains  in  early  May.  This  occurrence  has 
apparently  not  been  previously  reported  on  Hawaiian  lavas, 
although  it  is  likely  a common,  but  ephemeral  mineral  on  cooling  aa 
flows.  It  has  also  been  reported  as  a high -temperature  sublimate  on 
the  growing  andesite  dome  of  Mount  St.  Helens  volcano  (Keith  and 
others,  1981 X 

A brief  but  spectacular  eruption  of  Kilauea  Volcano  on  March  j 
30  (episode  1 7 of  a protracted  east  rift  zone  eruption)  had  no  effect  l 
on  activity  at  Mauna  Ijoa.  These  were  the  first  simultaneous 
eruptions  of  Mauna  Loa  and  Kilauea  since  1919  and  served  to 
demonstrate  the  magmatic  independence  of  these  two  volcanoes. 


SEISMIC  OBSERVATIONS 

Although  lava  did  not  reach  the  surface  until  0126,  seismic 
activity  had  reached  high  levels  earlier,  and  seven  moderate  earth- 
quakes  of  3. 0-4. 2 magnitude  occurred  between  0050  and  0210. 
This  intrusion- related  earthquake  swarm  and  harmonic  tremor  at  the 
summit  decreased  at  0215,  marking  the  beginning  of  about  5 h of 
comparatively  low  seismicity  (fig.  I9.20X  as  magma  migrated  into 
the  NERZ.  Perhaps  the  elevated  NERZ  seismicity  associated 
with  aftershocks  of  the  November  16,  1983,  M = 6.6  earthquake 
( Koyanagi  and  others,  1984)  caused  a substantial  decrease  in  stress, 
which  facilitated  the  subsequent  rapid  and  relatively  aseismic  migra- 
tion of  magma  from  the  summit  into  and  along  the  NERZ  on  this 
morning.  Or,  perhaps  the  magma  that  intruded  into  the  middle 
NERZ  on  July  6-10,  1975,  was  still  liquid  and  capable  of 
maintaining  open  conduits. 

Between  0700  and  0915  the  frequency  of  small  earthquakes 
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FIGURE  19.26. — Oblique  view  of  2,900-m  mils  looking  downnft.  with  2 5 -m -high  “Z"  vent  cinder  coee  And  its  tepbra  blanket  at  upnft  end  of  vent  system  This  cone 
formed  on  April  8—12,  and  was  the  only  vent  to  produce  retrculite.  Note  lava  shield  at  lower  end  of  vent  system  (dark  arrow  X Cracks  us  foreground  converge  on  “Z"  vent 
and  mark  subsurface  position  of  feeder  dike.  Note  20*  bend  in  1984  eruptive  fissure.  Photograph  by  J.  P.  Lockwood.  April  30,  1985. 


increased  beneath  the  summit  (fig.  19.20)  and  the  NERZ  midway 
between  Mokuaweoweo  and  Puu  Ulaula  (fig.  19.28).  At  0917 
harmonic  tremor  increased  in  the  NERZ,  and  high  tremor  was 
recorded  on  stations  more  than  30  km  away.  For  the  remainder  of 
the  vigorous  eruption,  tremor  was  centered  along  the  NERZ  and 
generally  decreased  in  amplitude  as  a function  of  distance  from  Puu 
Ulaula.  The  dominant  period  of  the  tremor  signals  varied  from 
about  0.2  to  0.7  s and  also  varied  with  recording  distance  from  the 
eruption  zone.  Shorter  period  tremor  dominated  at  stations  within  a 
few  kilometers  of  the  eruptive  center.  Short-period  tremor  was  also 
dominant  during  the  pre-eruptive  and  early  eruptive  stages.  Tremor 
remained  consistently  strong  on  the  seismometer  nearest  the  eruptive 
site  (PLA)  until  April  12.  and  after  several  days  of  low  activity- 
decayed  to  nearly  background  levels  on  April  15.  The  more  distant 
stations  MIX)  and  HSS,  located  about  8 km  from  the  center  of 


eruption,  showed  highest  tremor  from  March  25-28,  followed  by  a 
lower  level  until  April  2 and  a gradual  decay  until  the  end  of  the 
eruption  on  April  15  (fig.  19.34). 

The  frequency  of  shallow,  short-period  earthquakes  associated 
with  summit  subsidence  started  to  increase  on  March  28.  Counts 
peaked  at  50-100  per  hour  on  April  5-8,  and  they  remained 
relatively  high  throughout  Apnl.  These  events  decreased  slowly 
thereafter  and  reached  nearly  average  pre-eruption  levels  by  mid- 
May.  Earthquakes  related  to  summit  subsidence  were  mostly  smaller 
than  magnitude  I,  shallower  than  5 km.  and  centered  in  the  caldera 
region.  An  exceptionally  large  earthquake  on  April  9,  which 
measured  M — 3.9,  was  located  2 km  beneath  the  caldera. 

Numerous  small,  short-  and  long- period  earthquakes  near  the 
active  vents  on  the  northeast  nft  followed  the  cessation  of  eruptive 
activity.  These  events  (mostly  Af<0.  IX  which  numbered  many 
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FIGURE  19.27.  — Oblique  acnal  view  of  norlhritt  nfl  tone  thawing  1984  lava  (dark  arras)  between  2.000  and  3.000  m Mauna  Lna  Boy*  School  u in  nghl  foreground. 
KuUm  Honor  Camp  it  localrd  left  <4  photograph  mar  Kin  Lmrammt  at  row  center  of  photograph  i»  Powerline  Road.  View  it  lo  west.  Photograph  hy  J P 
Lockwood. 


hundreds  per  day  in  lale  April  and  throughout  May  1964.  were 
apparently  caused  by  vent  degassing  activity  as  well  as  by  local 
stresses  induced  by  gravitational  and  thermal  gradients;  they  gradu- 
ally decreased  to  background  levels  (fig.  I9.34)l 


GEODETIC  OBSERVATIONS 

An  automatic  tiltmeter  located  near  the  seismic  station  MOK 
at  Mauna  Loas  summit  (fig.  19.19)  recorded  rapid  surface  dis- 
placements beginning  at  0100  on  March  25  (fig.  1 9. 35X  The  initial 
tih  change,  a sharp  downward  deflection  to  the  north  and  west, 
indicated  uplift  of  the  summit  region,  probably  caused  by  the  sudden 


upward  migration  of  magma. 

A reversal  in  tih  direction  at  01 50  marked  the  beginning  of 
summit  subsidence  and  may  also  have  corresponded  to  the  eastward 
migration  of  eruptive  vents.  Subsequent  spirit-level  measurements  at 
several  dry  tilt  stations  around  the  summit  (network  shown  in  Decker 
and  others.  1983,  fig.  13)  indicated  that  subsidence  of  the  summit 
region  continued,  though  at  a decreasing  rale,  for  the  duration  of  the 
eruption  (fig.  19.36).  A similar  pattern  of  summit  subsidence — 
contraction  of  several  horizontal  lines  across  the  caldera — was 
indicated  by  trilateration  surveys  (fig.  19.37).  The  curves  shown  in 
figure  19.37  are  similar  to  the  decreasing  lava  production  rate 
determined  at  the  2,900  m vents  (Upman  and  Banks,  chapter  57. 
fig.  57.17k  Net  tilt  changes  between  July  1983  and  May  1984 
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CONTOUR  INTERVAL  1000  METERS 


FlCURE  19.28.  — Dulnbutwo  ai  1964  CTuptivr  votf*  and  lava  fWi  and  location*  of  figures  I9.43A,  B.  PLR.  Powerlme  Road;  TPR.  Tree-planting  Road.  (Modified 

from  Lockwood  and  other*,  1963.  fig-  5.) 


were  100-300  microradi&ns  at  summit  dry-tilt  stations  (fig.  19.38). 
The  computed  center  of  subsidence  was  in  the  southeastern  area  of 
the  summit,  a position  identical  to  the  center  of  uplift  identified  in 
1977-1983  geodetic  surveys  (Decker  and  others,  1983).  The 
volume  of  subsidence  since  July  1983,  determined  from  the  tilt 
vectors,  was  at  least  I00x  I06  m3.  Reoccupation  of  a 14-km-long 
level  line  that  passes  within  1 .2  km  of  the  subsidence  center  indicated 
that  the  Mauna  Loa  summit  subsided  at  least  630  mm  during  the 
eruption.  A resurvey  of  an  extensive  trilateration  network  (about 
200  lines)  that  encompasses  much  of  Mauna  Loa  indicated  extension 
of  more  than  800  mm  across  the  NERZ  and  compression  of  the 
adjacent  flanks,  which  reflects  dike  emplacement.  The  dilation  of  the 
summit  region  was  mostly  accommodated  by  southeastward  transla- 
tion of  the  upper  southeast  flank,  as  revealed  by  distance  measure- 
ments between  the  northwest  summit  of  Mauna  Loa  and  the  summits 
of  Mauna  Kea  and  Hualalai  Volcanoes. 

GRAVITY  OBSERVATIONS 

A network  of  gravity  stations  on  the  upper  slopes  and  summit 
of  Mauna  Loa  was  partly  reoccupied  on  February  13-14,  1984. 
This  survey,  which  preceded  the  1984  eruption  by  40  days, 
provided  a precise  datum  for  subsequent  major  changes  and  showed 


that  a gravity  change  of  only  —20  ±10  microgals  (uplift)  had 
occurred  at  station  C-l  (fig.  19. 19)  in  the  preceding  8 years.  Gravity 
values  were  determined  to  a precision  of  10  microgals  relative  to  a 
base  station  located  14  km  distant,  using  two  LaCoste  and  Romberg 
Model  G gravimeters  transported  by  helicopter  between  readings. 

Reoccupation  of  station  ML- 1 (fig.  19.19)  was  begun  within 
1 0 h of  the  eruption  onset  and  was  continued  on  a near-daily  basis. 
Gravity  increased  about  150  microgals  at  ML-1  during  the  erup- 
tion, at  an  exponentially  decreasing  rate  (fig.  I9.39X  Because  the 
gravity  change  is  a function  of  both  elevation  and  mass  transfer 
changes,  the  exact  amount  of  subsidence  is  not  known. 

The  rate  of  gravity  change  is  very  similar  to  the  exponentially 
diminishing  rates  of  tilt  change  and  horizontal  strain  (figs.  19.36, 
19.37X  which  implies  that  the  elevation  change  was  closely  tracking 
mass  transfer  changes  with  time.  Processes  such  as  incomplete 
summit  collapse  or  octensive  subaerial  vesiculation  are  thus  unlikely. 

Gravity  increases  at  C-l  (5  km  from  the  deformation  center) 
and  ML-8  (7  km)  were  61  and  19  microgals,  respectively.  Mea- 
surements at  gravity  stations  on  Mauna  Loas  northeast  flank  (9,  1 3, 
and  27  km  from  the  summit  subsidence  center)  showed  no  significant 
changes.  The  rapid  decay  of  the  gravity  changes  with  distance  is 
consistent  with  a relatively  shallow  pressure  source,  as  suggested  by 
geodetic  measurements. 
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Figure  19.29.  — Lava  flow  advancing  through  rain  forert  at  930  m elevation  on  March  30.  Flow  u covering  1852  lava;  more  heavily  for  cried  area  in  lower  Wl  comer  a 
underlain  by  prehntorical  lava.  View  a to  KXitheaal.  Photograph  by  J.P  Lockwood. 


F'k.I  hi.  19.  30  Lava  channel  at  2. 300  m.  vhowmg  changing  eruptive  volume*  ham  vecond  to  Irnth  day  View  to  east.  1832  vpattrr  cone  to  left  of  channel.  A.  March  26. 

1984  B.  April  4.  1984  Ifvotographi  by  J.D  Criggi 
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March  25  March  30  April  4 April  9 April  14 


FlCURE  19.31. — Advance  rate*  of  lava  flow*  from  2.900-m  vorta.  Time  plotted  as 
day*  after  initial  outbreak  on  afternoon  of  March  25.  1984  (from  Lockwood  and 
other*.  1985.  hg.  4X 


GEOELECTRICAL  OBSERVATIONS 

A 3.8-km-long  SP  (electrical  self-potential)  line  normal  to  the 
NERZ  of  Mauna  Loa  was  established  at  about  3,000  m elevation 
(fig.  19. 19)  9 months  before  the  1984  eruption.  The  pre-eruption 
SP  data  (fig.  19.40)  show  an  anomaly  centered  over  the  area  of  the 
July  6-10,  1975,  intrusion  (Lockwood  and  others,  1976,  p.  15* 
Hie  relatively  targe  data  noise  is  attributed  to  the  lack  of  soil  or  ash 
cover  and  low  rainfall  in  this  area,  which  produce  very  high 
electrode  contact  resistances. 

This  anomaly  may  indicate  a zone  of  structural  weakness  that 
allowed  upward  transfer  of  heat.  A profile  along  the  same  line  on 
March  27,  2 days  after  the  eruption  began,  shows  a general  increase 
of  potentials,  highest  near  the  center  of  the  traverse  and  coincident 
with  a zone  of  ground  cracks  formed  on  the  afternoon  of  March  25 
(fig-  19.40* 

Five  days  after  the  eruption  began,  VLF  (very  low  frequency) 
measurements  of  tilt  angle  and  elliplidty  of  the  electromagnetic  field, 
from  a high-powered  U.S.  Navy  radio  transmitter  at  Lualualei, 
Oahu,  were  made  along  the  SP  profile  (fig.  19.41*  The  steepest 
gradients  on  both  the  percent  tilt  angle  and  percent  ellipticity  curves 
occur  approximately  where  they  intersect  at  the  zero  crossover,  a 
point  that  is  nearly  over  the  center  of  the  anomaly -producing  body. 

The  form  of  the  curves  suggests  that  the  VLF  anomaly  is 
caused  by  a good  conductor,  probably  with  a high-angle  tabular 
shape,  directly  beneath  the  SP  high  and  near  the  center  of  the 
ground -crack  zone.  VLF  resistivity  measurements  away  from  the 
conductive  anomaly  show  high  resistivity  values  (8,000-12,000 


FlCURE  19.32.  — Dimuon  of  1984  lava  by  U.S.  Army  Corp*  of  Engineer*  le*t 
barrier*  constructed  in  1977.  The  4-  to  5 -m -high  earthen  burner  temporarily 
impeded  the  1964  flow*,  here  14  m thick,  but  eventually  was  overtopped  ( arrow X 
View  is  to  Mutheast. 


ohm/m);  these  values  suggest,  from  an  estimate  of  plane-wave 
penetration  at  the  radio  frequency  used,  that  the  depth  to  the  top  of 
the  conductive  zone  is  100-150  m.  The  conductive  body  could  be 
magma  or  a zone  of  hot,  moist  rocks  leading  to  a heat  source  at 
greater  depth.  No  emission  of  either  steam  or  fume  was  noted  from 
the  ground  cracks  in  this  area,  however,  suggesting  that  a nonbnttle 
zone  may  have  been  present  between  the  top  of  the  shallow  intrusion 
and  the  bottom  of  the  ground  cracks. 

LAVA  PETROGRAPHY  AND  TEMPERATURES 

The  1984  lava  consists  of  uniform,  sparsely  porphyritic 
tholeiitic  basalt.  Phenocrysts  (generally  less  than  I percent  by 
volume)  are  euhedral  to  anhedral,  I-  to  3 -mm -diameter  kinked 
olivine  of  forsleritic  composition  (Fo^,*,;  M.  Garcia,  University 
of  Hawaii,  written  commun.,  1984)  that  is  slightly  to  strongly 
resorbed,  with  granular  pyroxene- plagioclase  coronas.  Similar 
kinked  olivine  in  the  1959  Kilauea  llu  lava  has  been  interpreted  to  be 
of  mantle  origin  (Helz,  chapter  25*  Rare  clots  of  olivine  and 
olivine-clinopyroxene-plagioclase  intergrowths  are  also  present. 
Microphenocrysts  (3-30  percent)  consist  mostly  of  plagioclase 
laths,  with  slightly  less  abundant  clinopyroxene  and  some  olivine;  all 
are  generally  less  than  0.3  mm  m maximum  dimension.  The 
groundmass  consists  of  brown  glass  with  plagioclase,  granular 
clinopyroxene,  and  opaque  minerals.  The  size  and  abundance  of 
microphenocrysts  increased  steadily  over  the  course  of  the  eruption, 
apparently  causing  a concurrent  increase  in  lava  viscosity  (Lipman 
and  Banks,  chapter  57;  Lipman  and  others,  1986* 
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Figure  19.33.  — Distribution  of  March  25.  1984.  lava  in  lummit  region,  Uiuvruig  relation  to  1975  lava 


Lava  temperatures  were  monitored  throughout  the  eruption  by 
Chromel/Alumel  thermocouples  and  digital  meters;  the  total  range 
measured  was  between  1,120  °C  and  1,144  °C.  Fountain  tem- 
peratures, measured  by  2-color  infrared  radiometer,  were  generally 
in  close  agreement  with  the  highest  thermocouple  temperatures 
obtained  adjacent  to  the  vents  (Lipman  and  Banks,  chapter  57 X 
No  changes  were  observed  in  either  the  fountain  temperatures  or  in 
the  temperatures  of  lava  in  the  uppermost  supply  channels  over  the 
course  of  the  eruption.  The  highest  temperatures  were  obtained  in 
lava  tubes  that  issued  from  the  base  of  spatter  ramparts,  although 
similar  temperatures  were  obtained  several  kilometers  downstream  in 
the  main  lava  channels  or  in  overflows  immediately  adjacent  to  these 
channels.  The  lowest  temperatures  were  obtained  in  thin  sheet  flows 
and  in  lava  that  appeared  to  have  been  stored  for  many  hours  or 
days  in  lava  tubes.  Temperatures  measured  in  the  main  distributary 


channels  decreased  less  than  20  °C  over  a total  distance  of  1 1 km 
downstream  from  the  vents. 

LAVA  CHEMISTRY 

Major-element  analyses  by  X-ray  fluorescence  (table  19.3) 
show  that  the  1984  lava  is  remarkably  uniform  in  composition  except 
for  one  significantly  more  evolved  sample  from  the  SWRZ.  This 
anomalous  sample,  which  apparently  represents  contamination  by 
older,  stored  magma,  is  not  included  in  the  analytical  averages  of 
table  19.3.  With  this  exception,  and  the  exception  of  small  fluctua- 
tions in  MgO  content  of  lava  erupted  from  the  lower  NERZ  vents 
between  March  25  and  30.  there  is  little  apparent  difference 
between  lava  erupted  along  the  upper  SWRZ,  the  summit  caldera, 
and  the  upper,  middle,  and  lower  segments  of  the  NERZ.  Such 
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FIGURE  19.34.  — Earthquake  frequency  (upper  three  plots)  and  tremor  amplitude 
(lower  four  plotsi  March  25-Apnl  16.  1964,  Earthquakes  at  small  at  M = - I | 
were  plotted  when  not  masked  by  harmonic  tremor.  Harmonic  tremor  wat  read 
hourly  at  four  seismic  t4 at  torn  and  plotted  as  micrometers  of  ground  motion  Signals 
from  PLA  station  (hg.  19.19)  were  saturated  until  April  4,  when  instrument 
sensitivity  was  lowered  (from  Lockwood  and  others,  1965,  hg.  6X 
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FIGURE  19.36. — Summit  deflation  curve  determined  from  spirit-level  (dry-tilt) 
measurements  made  near  MOK  station.  A positive  tilt  change  corresponds  to  a 
downward  deflection  in  north  and  east  direction*  (modified  from  Lockwood  and 
others,  1985,  hg.  8) 


1984 

FIGURE  19.37. — Summit  deflation  curve  drtrmuned  from  measurement  of  honron- 
tal  distances  across  Mokuaweuweo.  1 .orations  of  survey  line*  are  shown  m Decker 
and  others  (1963,  hg.  7k  Lute  lengths  from  luxkwood  and  others  (1985,  hg.  9) 


1984 

Figure  19  35. — Continuously  recording  1 1 k meter  record  from  MOK  inslromenl 
for  a 24-hour  period  beginning  at  1600  H.s.t  on  March  24  A positive  tilt 
change  (inflation)  corresponds  to  a downward  deflection  tn  north  and  west 
directions  (modified  from  Lockwood  and  others.  1965.  fig.  7) 
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Figure  19.38. — Net  tilt  changes  m summit  region  of  Maun  a Loa  between  June 
1963  and  May  1964.  Triangles  indicate  location  of  spirit-level  (dry  till)  stations. 
Vector*  are  drawn  m darcticm  of  downward  deflection  of  surface;  length  of  vector 
ihow*  amount  of  deflection  (front  Lockvcood  and  others.  1965,  fig.  103 


Homogeneity  in  lava  composition  is  typical  of  Historical  Mauna  Loa 
eruptions  (Wright.  1971 ; Rhodes,  1983)  and  is  consistent  with  the 
uniform  lava  temperature  measurements. 

The  1984  lava,  which  is  slightly  lower  in  MgO  content 
compared  with  most  historical  Mauna  Loa  lava,  has  a composition 
indicative  of  multiple  saturation  with  respect  to  olivine,  clinopyrox- 
ene,  and  plagiodase.  This  lava  is  somewhat  less  evolved  than  the 
1975  lava  (table  19. 1);  it  contains  slightly  less  K20  and  Ti02  and 
more  MgO.  Consequently,  the  1984  lava  cannot  simply  be  residual 
magma  remaining  in  shallow  storage  following  the  1975  eruption, 
unless  any  magma  stored  m 1975  was  less  evolved  than  the  lava 
erupted  at  that  time.  The  combination  of  remarkably  uniform  lava 
composition  and  large  eruptive  volume  over  a 21 -day  period  points 
to  the  ultimate  derivation  of  this  lava  from  a deeper  reservoir  of 
substantial  size. 

ERUPTIVE  GASES 

The  1984  eruption  has  yielded  the  first  analyses  ever  reported 
for  eruptive  gases  from  Mauna  Lot  (Greenland,  chapter  303  I hr 


Figure  19.39.  — Relative  gravity  change*  at  stations  ML-I , C-l . and  ML-8  from 
February  1 3 to  May  28,  1964.  Values  plotted  are  not  absolute,  but  only  relative 
to  February  13  datum.  Dashed  lines  where  data  inferred.  Data  from  D J. 
Johnson,  U.S.  Geological  Survey  (modified  from  Lockwood  and  other*.  1965, 
fig.  M3 


gases  are  similar  to  those  collected  from  the  adjacent  Kilauea 
Volcano,  although  l bey  are  lower  in  water  and  halogen  content 
relative  to  sulfur  (table  19.4).  The  low  atomic  OS  ratio  (0.2,  as  at 
Kilauea)  is  attributed  to  pre-eruptive  degassing  of  the  magma  during 
storage  in  a shallow  (3-4  km  deep)  summit  reservoir. 

Thermodynamic  calculations  show  that  most  samples  contain 
excess  water  above  that  required  for  equilibrium  with  other  species. 
Subtracting  excess  water  from  the  analyses  results  in  a calculated 
p02-temperature  relation  close  to  one  directly  measured  in  a Ki- 
lauea  lava  lake  by  Sato  and  Wight  (1966).  The  excess  water  over 
that  required  for  equilibrium  m these  analyses  is  not  a meteoric 
contaminant  but  is  believed  to  be  magmatic  water  that  has  not 
equilibrated  with  the  other  gases  because  of  the  rapid  magma  nse 
rate. 

Geographic  factors  had  considerable  influence  on  lava  degass- 
ing. Much  of  the  lava  erupted  at  the  2,900  m vents  was  apparently 
partially  degassed  through  high-temperature  fumaroles  along  the 
March  25  vents  between  3,400  and  3,470  m (Greenland,  chapter 
30).  Aerial  correlation  spectrometer  (COSPEC)  monitoring 
showed  this  area  of  incandescent  fumaroles  to  be  a voluminous 
source  of  magmatic  gas  for  the  duration  of  the  eruption;  these 
fumaroles  were  the  only  source  of  detectable  S02  after  the  end  of 
lava  production  at  the  2,900  m vents  (J.  B.  Stokes,  written  com- 
mon. , 19843  At  the  2,900  m vents,  high  fountaining  (high  gas 
production)  was  most  characteristic  of  the  farthest  upnft  vents 
(including  a rrticulite  producing  cinder  cone,  see  fig.  I9.26X  At  the 
lower  end  of  this  1,700-m-Iong  vent  system,  largely  degassed 
pahoehoe  issued  continuously  from  a vent  with  almost  no  fountain- 
ing.  constructing  a 45  m-high  lava  shield  (fig.  I9.24B1  Visible 
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Figure  19.40.  — Electrical  self-potential  (SP)  profiles  normal  to  northeast  rift  zone  of  Mauna  Loa  at  about  1.000-m  devalsoo.  taken  9 months  before  1984  eruption,  and  2 
days  after  eruption  began,  locations  of  ground  cracks  that  opened  along  profile  line  an  March  25,  1964.  are  plotted  on  abscissa.  SP  data  July  14,  1963  (solid  lines  and 
open  circles),  SP  data  March  27,  1984  (dashed  Ivies  and  sofcd  circles),  differences  between  1964  and  1983  SP  data  (*obd  lines  and  diamonds!  Data  from  D.B. 
Jackson,  U.S.  Geological  Survey  (from  Lockwood  and  others,  1965,  kg.  I2X 


fume  was  also  largely  restricted  to  the  farthest  uprift  of  the  2,900  m 
vents.  These  circumstances  may  be  due  to  vertical  stratification  of 
gas  within  laterally  transported  magma  (fig.  19.42). 

CONCLUSIONS:  THE  FUTURE 

The  1975-1964  Mauna  Loa  eruptive  sequence  was  the  first 
for  which  extensive  observations  of  geodetic,  geoelectrical,  geo- 
chemical, gravity,  and  temperature  phenomena  were  possible;  more 
has  been  learned  about  Mauna  Loa  inflation  and  eruption  processes 
during  this  period  than  in  all  earlier  historical  eruptions. 

This  was  Mauna  Loas  first  eruptive  sequence  since  1950  and 
involved  the  first  flank  eruption  on  the  northeast  rift  zone  since  1942. 
Intervals  between  NERZ  flank  eruptions  have,  however,  been  as 
short  as  41  months  (I852-I855X  and  posteruption  geodetic  mea- 
surements (figs.  19.13,  19.14)  suggest  inflation  of  Mauna  Loa  for 
her  next  eruption  has  already  begun.  As  regards  the  volcanos  long- 
term future  behavior,  we  must  look  to  the  record  of  the  past.  Lava 


has  covered  the  subaerial  Mauna  Loa  surface  during  Holocene  tune 
at  an  average  rale  of  about  40  percent  per  1 ,000  years  (Lockwood 
and  Lipman,  chapter  16,  fig.  18. 1 IX  This  coverage  rate  is  likely  to 
also  characterize  the  long-term  future,  although  substantial  varia- 
tions from  this  average  are  to  be  expected  for  shorter  periods. 

Most  of  the  32  eruptions  since  1 832  began  with  initial  activity 
above  3,000  m elevation;  15  eruptions  were  limited  to  the  summit 
area.  The  other  1 7 eruptions  involved  flank  extrusion;  2 principally 
on  the  northwest  flank,  7 on  the  southwest  rift  zone,  and  8 primarily 
on  the  northeast  rift  zone.  This  general  spatial  distribution  of  flank 
eruptions  will  probably  also  characterize  future  activity. 

Southwest  rift  zone  eruptive  loci  generally  migrated  uprift  from 
1868  to  1950  (Lipman,  1980X  Eruptive  loci  on  the  northeast  rift 
zone  have  shown  no  such  longitudinal  distribution  pattern,  but  have 
instead  shown  a strong  tendency  for  southward  migration  with  time, 
especially  in  the  20th  century  (fig.  I9.43X  The  common  pattern  of 
south -stepping  offset  of  echelon  vents  (fig.  19.23)  is  another  appar- 
ent indication  of  this  tendency  for  southward  migration.  Although 
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FIGURE  19.41 . — Very  low  frequency  profile*  aero**  nnrlheaM  nfl  zone  of  Mauna  l-oa  obtained  on  March  30.  19(34.  Lllipticity  (star*)  and  till  angle  (diamond*)  are  thown 
with  March  27.  1984,  5P  profile  and  ground  crack*  along  *ame  wrvey  line.  Data  from  D.B.  Jackson.  U.5.  Geological  Survey  (from  Lockwood  and  other*.  190V 
hg  133 


TaBU  19.3. — A*rogc  mafor-tltmtnl  comp&idioru  of  I9H4  Mama  Loa  lav 

[X-ray  Huorrtxrrirr  tiuiyin  by  J M KWn  Aiulytn  rrimlrd  ah  tulaliir-free  l»a»w,  with 
total  irnn  reported  at  Kr  .Ot  n.  Mnf>lr  «ue| 
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FIGURE  19.42. — Schematic  longitudinal  section  of  northeast  rift  zone,  showing 
proposed  degassing  processes  in  laterally  transported  magma  during  period  March 
25  to  April  15.  1964.  Scale  not  internally  consistent. 


volumetrically  more  than  90  percent  of  historical  lava  flows  have 
moved  down  the  north  side  of  the  northeast  rift  zone  (Lockwood  and 
Lipman,  chapter  18.  fig.  18. 1 5X  future  flows  will  preferentially  flow 
down  the  south  flank  if  the  southward  migration  of  eruptive  vents 
continues. 
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HUALALAI  VOLCANO:  A PRELIMINARY  SUMMARY  OF  GEOLOGIC, 
PETROLOGIC,  AND  GEOPHYSICAL  DATA 

By  Richard  B.  Moore,  David  A.  Clague,  Meyer  Rubin,  and  Wendy  A.  Bohrson 


ABSTRACT 

Hualalai  Volcano  it  the  third  youngest  on  the  Island  of 
Hawaii.  Three  rift  zones  striking  northwest,  north,  and  south- 
southeast  have  been  the  loci  of  all  late  Pleistocene  and  Holo- 
cene eruptions.  Recent  detailed  and  reconnaissance  geologic 
mapping  and  14€  age  determinations  indicate  that  about  95 
percent  of  Hualalais  surface  is  Holocene,  about  55  percent  is 
less  than  3,000  years  old,  and  25  percent  is  less  than  1 ,000  years 
old. 

Tholeiitic  basalt  does  not  occur  on  the  subaerial  surface  of 
Hualalai,  but  has  been  encountered  in  a few  drillholes  and  has 
been  dredged  from  the  submarine  portion  of  the  northwest  rift 
zone.  We  infer  that  Hualalai,  like  other  Hawaiian  volcanoes,  is 
dominantly  tholeiitic  lava  and  has  a thin  cap  of  alkalic  lava.  The 
available  tholeiitic  basalt  is  mostly  olivine-controlled  lava  that 
has  as  much  as  30.8  percent  MgO.  Major-element,  trace-ele- 
ment, and  isotopic  data  indicate  that  Hualalai  tholeiitic  basalt  is 
most  similar  to  that  of  Mauna  Loa  but  that  their  garnet-bearing 
mantle  sources  are  different. 

The  subaerial  alkalic  lava  is  chiefly  alkali  olivine  basalt  with 
minor  hawaiite  and  trachyte.  The  alkalic  basalt  contains  varied 
amounts  of  olivine,  clinopyroxene,  and  plagioclase  phenocrysts 
and  has  as  much  as  16  percent  MgO  (ankaramite);  much  is 
differentiated  beyond  olivine  control.  Xenoliths  of  mafic  and 
ultramahc  rocks  are  common  in  many  alkalic  vent  deposits  and 
flows.  The  alkalic  basalt  of  Hualalai  can  be  produced  by  5—10  : 
percent  partial  melting  of  a source  enriched  in  the  light  rare-  I 
earth  elements. 

Trachyte  occurs  in  one  large  cone  and  its  associated  flow,  as 
xenoliths  in  several  basaltic  vents,  and  in  one  drillhole.  Gravity 
and  aeromagnetic  data  support  the  interpretation  that  these 
rocks,  the  most  silicic  lava  on  the  Island  of  Hawaii,  were 
erupted  in  significant  amounts  during  the  late  Pleistocene  and 
subsequently  have  been  thinly  mantled  by  alkalic  basalt  lava 
flows. 

Seismic  studies  indicate  that  seismicity  within  Hualalai  is 
low,  and  there  is  no  evidence  of  current  magmatic  movement 
such  as  occurs  on  Kilauea  and  Mauna  Loa.  An  intrusion  proba- 
bly occurred  in  1929,  when  earthquakes  shook  the  region  for 
more  than  a month.  Resistivity  and  electrical  self-potential 
surveys  indicate  that  residual  heat  from  magmatic  intrusions 
may  lie  at  shallow  levels.  We  believe  that  Hualalai  may  well 
erupt  again  within  the  next  few  decades  and  that  precursory 
seismic  activity  may  be  short. 


INTRODUCTION 

LOCATION  AND  GEOLOGIC  SETTING 

Hualalai  Volcano  occupies  the  western  part  of  the  Island  of 
Hawaii  (fig.  20. 1 ) and  makes  up  about  half  of  the  area  commonly 
referred  to  as  the  Kona  district.  Hualalai  rises  to  a height  of  2,523 
m (8,271  ft)  above  sea  level,  covers  an  area  of  about  850  km2 
(about  325  m^X  and  has  a subaerial  volume  of  about  600  km3 
(about  144  mi3X  Alkalic  lava  on  its  southern,  eastern,  and  north- 
eastern flanks  is  inter  bedded  with  tholeiitic  Mauna  Loa  lava. 

Hualalai  has  three  rift  zones  that  strike  northwest,  north,  and 
south-southeast  from  a point  about  5 km  east  of  its  summit.  The 
subaerial  part  of  the  prominent  northwest  rift  zone,  2-4  km  wide 
(fig.  20.2X  is  24  km  long  to  the  ocean;  bathymetry  suggests  that  it 
may  continue  another  70  km  offshore.  The  ill-defined  north  rift  zone 
(fig.  20. 3X  about  10  km  long  and  5 km  wide,  contains  less  than  5 
percent  of  the  vents  and  has  been  inactive  during  the  last  2,000 
years.  The  south-southeast-trending  rift  zone  (fig  20. 4X  3—5  km 
wide,  is  about  13  km  long  and,  like  the  others,  is  marked  by 
prominent  cinder  and  spatter  cones. 

This  progress  report  summarizes  recent  work  by  the  U.S. 
Geological  Survey  on  Hualalai,  including  geologic  mapping,  ,4C 
age  determinations,  petrographic  studies,  major-element  chemical 
analyses,  trace-element  analyses,  and  geophysical  studies. 

PREVIOUS  WORK 

Steams  and  Macdonald  (1946)  mapped  Hualalai  in  recon- 
naissance fashion,  and  named  ail  of  the  alkalic  rocks  the  Hualalai 
Volcanic  Series,  which  included  the  Waawaa  Vokamcs  (trachyte 
cone  and  flow)  at  its  base.  These  units  are  currently  called  the 
Hualalai  Voicamcs  and  Waawaa  Trachyte  Member.  Macdonald 
(1968)  noted  that  most  of  the  surface  vents  and  flows  are  alkali 
olivine  basalt.  Richter  and  Murala  (1961)  and  Jackson  and  others 
(1981)  studied  xenoliths  in  a lava  flow  erupted  in  1800. 

Clague  and  others  (1980)  discussed  the  petrology  of  19 
prehistoric  and  historical  alkali  basalt  flows  of  Hualalai . Clague 
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FIGURE  20. 1.  — HiubUi  Volcano,  including  pa/I  of  submarine  northwest  nft  zone  I met  shows  location  of  Hualalai  on  Uland  of  Hawan.  Sample*  dredged  from  north**** 
rift  are  aO  tholnitK  basalt  and  picntic  tholeutic  basalt  Symbol  at  Waha  Me  indicates  pur Hk  tholeutic  basalt  and  trachyte  block*  in  maar  depout  and  xenobths  m flow 
from  same  vent.  Other  location  with  both  trachyte  and  tholeutK  basalt.  I km  southwest  of  1801  vent,  is  water  well  that  encountered  trachyte  overlying  thoieutsc  basalt, 
both  beneath  mure  than  300  m ( 1 ,000  ft)  of  atkalsc  basalt  flows  Third  tholeutK  basalt  location  a from  Kahahni  water  shaft,  where  tholeutic  basalt  occur*  at  shallow  a* 
75  m (229  ft)  below  surface.  Bathymetry  from  Campbell  and  Exland soa  (1979)  Dashed  line  marks  approximate  southern  edge  of  Hualalai. 


(1982)  described  tholeutic  basalt  from  the  submarine  northwest  rift 
/one;  much  of  our  discussion  of  the  tholeiitic  shield  lying  hidden 
beneath  the  surheial  alkali  basalt  flows  is  based  on  that  study. 
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STRATIGRAPHY 

We  have  mapped  all  of  Hualalai  Volcano  in  reconnaissance 
fashion  and  have  completed  detailed  mapping  of  lava  flows  and  vent 
deposits  in  most  of  the  area,  including  hve  of  the  eight  7 '^-minute 
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FIGURE  20.2. — AenaJ  view  looking  ioudie«»t  over  part  erf  rw*thw«t  rirft  zone  of 
Hualalai  Volcano  Maun  a Loa  is  u>  background.  Main  1800  vent  is  in  center  (no 
light -colored  grass  on  flow),  and  another  previously  unmapped  1800  vent  and  flow 
are  in  lower  right  corner.  Cone  slightly  to  left  of  mam  1 800  vent  and  in  front  arf  it 
was  nearly  buried  by  1800  flow. 


FIGURE  20.3. — Aenal  new  of  Hualalai  Volcano  from  north.  Dark  flow  m 
foreground  is  1839  Mauna  Loa  flow.  Large  cone  with  pronounced  radial  drainage 
is  Puu  Waawaa.  consisting  of  trachyte.  A trachyte  flow  from  that  cone  forms  steep 
hummocky  topography,  parity  casting  a shadow,  in  center  of  photograph.  Dark 
flow  in  front  of  F\iu  Waawaa  is  dated  at  2,030  ± 80  yr  B-  P.  A few  small  basaltic 
cones  of  the  diffuse  north  nft  zone  are  visible  behind  Puu  Waawaa. 


quadrangles  that  cover  Hualalai.  The  mapping  has  been  supple- 
mented by  ,4C  ages  presented  in  table  20. 1.  The  generalized  age- 
distribution  map  that  summarizes  this  effort  is  shown  in  figure  20.5, 
and  data  on  areas  covered  by  lava  of  different  age  are  given  in  table 
20.2.  Paleomagnetic  studies  (D.E.  Champion,  unpub.  data,  1985) 
and  future  l4C  ages  may  modify  these  numbers  slightly.  The  data  in 
table  20.2  show  that  about  95  percent  of  Hualalai  s surface  is 
Holocene,  as  noted  by  Steams  and  Macdonald  (I946X  and  25 
percent  is  covered  by  lava  that  is  < 1 ,000  years  old. 


FtCURE  20.4. — Aenal  view  looking  north -northwest  across  upper  south  southeast 
rift  zone  of  Hualalai  Volcano.  Most  visible  rones  and  flows  are  Holocene  in  age. 
HaJrakab  Volcano  on  Maui  is  in  distance 


Hualalai  has  erupted  about  0.2  km3  of  basalt  per  century 
during  the  last  3,000  years.  This  figure  is  an  order  of  magnitude  less 
than  the  2.9  and  2.2  lun3  erupted  per  century  by  Mauna  Loa  and 
Kilauea.  respectively,  during  historical  (post- 1820)  time  (Lockwood 
and  Lipman,  chapter  18;  Macdonald.  I955X 


PLEISTOCENE  UNITS 

Rocks  of  Pleistocene  age  that  crop  out  on  the  subaenal  surface 
of  Hualalai  include  the  Waawaa  Trachyte  Member  (fig.  20. 3X  a 
few  vent  deposits  and  associated  short  flows  of  hawaiite,  and  a few 
alkalic  basalt  lava  flows.  Funkhouser  and  others  (1968)  reported  a 
K-Ar  age  of  0.4 ±0.3  Ma  for  the  Waawaa  Trachyte  Member; 
more  recent  K-Ar  determinations  suggest  that  the  trachyte  is  about 
105  ka  (G.B.  Dalrymple,  written  comtnun.,  I985X  The  volume  of 
the  Waawaa  cone  and  flow  is  about  5.5  km3,  the  largest  volume 
single  eruption  known  on  the  island. 

The  oldest  dated  basaltic  flows  on  Hualalai  are  three  flows  of 
age  12-13  ka;  each  overlies  another  basalt  flow  of  limited  areal 
extent.  We  consider  it  unlikely  that  any  older  large  flows  will  be 
discovered. 

A cluster  of  cones  that  are  mostly  Pleistocene  in  age  occurs  in 
the  summit  area  of  the  volcano  (fig.  20. 6X  Lava  dated  at 
1 2.950 ± 150  yr  B.P.  underlies  the  northeastern  part  of  the  village 
of  Kailua  and  could  have  come  only  from  the  summit  area.  The 
summit  crater  (fig.  20.6)  exposes  dozens  of  flow  units  that  suggest 
eruption  on  a satellitic  shield,  like  Mauna  Ulu  on  Kilauea  Volcano. 
Near  the  end  of  the  shield -building  eruption,  phreatic  explosions 
ejected  blocks  of  gabbro  and  diabase  from  a subsurface  intrusion. 
Overlying  the  resulting  tuff  is  a thin  (^1  m)  lava  flow  of  mixed 
hawaiite  and  alkali  olivine  basalt.  A cone  that  overlies  all  of  these 
deposits  has  been  dated  at  8, 770 ±200  yr  B.P. 
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Table  20. 1 . — Carbon- 1 4 age*  of  samples  from  Hualalat  Volcano 


San©le 

Laboratory 

Humber 

tyr  B.P.) 

Unit  from  which  sample  taken 

79-15 

W-4634 

<200 

An  A.D.  1800  lava  flow 

82-75 

*-5124 

<200 

An  A.D.  1800  lava  flow 

79-8 

H-4394 

300^60 

Young  Luamakami  flow 

84-175 

W-5531 

7101150 

Waha  Pale  flow 

84-150 

W-5491 

90011 10 

Plow  from  large  vent  3 k m northeast  of  Waha  Pele 

82-129 

11-5130 

1030160 

Plow  from  cono  2 km  northwest  of  Luamakami 

84-170 

W-5522 

1180+200 

Plow  fro*  vent  4.5  ka  north-northwest  of  Waha  Pele 

78-2 

W-4171 

2030+80 

Plow  from  vent  3 km  aoutheaat  of  Puu  Waawaa 

79-3 

W-4388 

2290+70 

Plow  fro*  vent  1 km  west  of  waha  Pele 

82-20 

*-5068 

2350180 

Old  Luamakami  flow 

82-B 

W-5073 

2390+60 

Cone  3 km  northeast  of  Hainoa  Crater 

82-19 

W-5076 

2670+80 

Cone  700  m east-northeast  of  Hainoa  Crater 

84-115 

N-5559 

30301200 

Plow  8 km  northwest  of  Hainoa  Crater 

82-113 

W-5127 

3100160 

Cone  700  m northwest  of  Luamakami 

78-12 

N-4376 

3600170 

Plow  along  Highway  190  4 km  north-northwest  of  Kailua 

84-119 

*-5562 

3610±200 

Plow  900  m west  of  Puu  Waawaa 

82-131 

*-5132 

3990170 

Spatter  300  m northwest  of  Hainoa  Cratar 

82-23 

*-5070 

4390170 

Flow  frcsi  cone  1 km  west  of  Hainoa  Crater 

79-10 

W-4378 

4720180 

Second  highest  flow  In  west  Malekule  pit  crater 

83-9 

*-5297 

63601100 

Plow  fro*  cons  1.6  km  southeast  of  Hainoa  Crater 

83-14 

W-5299 

87701200 

Cone  60  m north  of  Hainoa  Crater 

78-5 

*-4371 

94901100 

Plow  10  km  north-northwest  of  Puu  Waawaa 

78-11 

W-4391 

10,3701150 

Plow  3 km  north-northwest  of  Keauhou  Bay 

79-1 

*-4365 

12,2301150 

Plow  4 km  north  of  Puu  Waawaa 

82-1 

W-5056 

12,9501150 

Plow  3 km  east  northeast  of  Kailua 

TABLE  20.2.  — Areas  of  Hualalat  Volcanos  surface  covered  by  lav  of  different  ages 

[Quwfrmgfe  Mine*  refer  to  USGS  7^-nsawif  topefirapfeac  map  «Wt»  percent  hgurr*  pve  the  percenteft  af  iW  HuaIaUi  part  of  rack  quadraaffe  cowered  by  lava  <d 

tkal  -«r  P**] 


Quadrangle 

<1  ha 

(km2)  1 percent) 

Age  group  of 
-3  ka 

(percent)  (km' 

lava 

3-5  ka 
(percent) 

no.*? 

-10  ka 
( percent) 

>10  ka 

(km2)  (percent) 

Hakalawena  — — 

22 

68.3 

5 

15.5 

5 

15.5 

0.2 

0.6 

0 

0 

Kiholo  

95 

59.2 

25 

15.6 

40 

24.9 

0.5 

0.3 

0 

0 

Puu  Anahulu 0 

0 

48 

57.5 

8 

9.6 

0.5 

0.6 

27 

32.3 

Hualalai  

29 

18.1 

72 

45.0 

42 

26.3 

17 

10.6 

0 

0 

Kailua — 16 

8.8 

27 

14.8 

78 

42.9 

44 

24.2 

17 

9.3 

Keahoie  Point  — 

2 

3.6 

16 

28.6 

36 

64.3 

2 

3.6 

0 

0 

Kealakekua  -----  21 

27.3 

24 

31.2 

10 

13.0 

22 

28.6 

0 

0 

Puu  Lehua  — — — — 

16 

27. 1 

25 

42.4 

2 

3.4 

16 

27.1 

0 

0 

Total  — — 

- 201 

24.8 

242 

30.0 

221 

27.3 

102.2 

12.6 

44 

5.4 

Cumulative 

Percent  

24.8 

54.8 

82.1 

94.7 

: : 
O 

HOLOCENE  UNITS 

We  have  divided  the  Holocene  lava  flows  of  Hualalai  into  four 
age  groups,  based  on  our  detailed  and  reconnaissance  mapping  and 
on  ,4C  ages:  10-5  ha,  5-3  ha,  3-1  ha,  and  <1  ha.  About  55 
percent  of  the  surface  has  an  age  of  less  than  3 ha  and  25  percent 
less  than  I ha.  In  contrast,  Holcomb  (1981)  determined  that  90 
percent  of  the  surface  of  Kilauea  Volcano  is  younger  than  I ha,  and 
Loch  wood  and  Lipman  (chapter  18)  found  that  40  percent  of 
Maun  a Loa  is  younger  than  I ha. 

Inspection  of  figure  20.5  suggests  that  locations  of  vents  of 
different  ages  are  generally  random;  however,  two  important  aspects 
of  the  volcanos  overall  morphology  require  discussion.  First,  the 


coastal  part  of  the  volcano  north  of  the  town  of  Kailua  (figs.  20.5, 
20.7)  is  a lava  delta  that  has  been  built  mostly  in  the  last  3,000 
years.  The  northwest  rift  zone,  marked  by  spatter  cones  and 
ramparts,  forms  the  axis  of  this  feature;  lava  has  built  the  volcanic 
pile  nearly  equally  on  both  sides  of  the  rift  zone. 

Second,  the  coast  south  of  Kailua  is  relatively  straight  (fig. 
20. 7X  and  lava  deltas  are  fewer.  Some  of  the  oldest  subaenal  flows 
on  the  volcano  occur  in  this  area;  marine  erosion  typically  has 
straightened  the  shoreline,  whereas  farther  north  erosion  has  not 
overcome  the  constructional  land  forms. 

Several  vent  deposits  and  associated  flows  of  Holocene  age 
merit  individual  description.  The  eruptions  of  1800-01  occurred 
from  five  separate  vent  areas  (fig.  20.5)  and  extruded  more  than 
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Figure  20.6. — Aerial  new  looking  north  am  summit  aica  of  HualaJai  Volcano 
Actual  summit  at  elevation  2. 521  m (8,271  ft)  u between  two  Urge  craters  in 
center  of  photograph  Small  crater,  barely  visible  just  beyond  Hunoa  Crater 
(largest  crater)  is  dated  at  8.770 ± 200  yr  B.P.;  cone  m right  middle  distance  is 
dated  at  2,670  S 80  yr  B.P. 


300  X I06  m3  of  alkali  olivine  basalt.  The  main  1800  flow  swept 
more  than  30  m up  a cone  450  m north  of  the  vent  (fig.  20. 2 X 
carried  hundreds  of  thousands  of  large  mafic  and  ultramafic  xenoliths 
(fig.  20.8)  farther  downslope,  and  destroyed  fishing  villages  when  it 
reached  the  sea  (Brigham.  I909X 

The  1801  vents  of  the  Huehue  flow  form  a spatter  rampart 
aligned  down  the  slope  of  the  volcano.  This  orientation  caused  the 
lava  to  flow  longitudinally  within  the  rampart.  The  flows  are  almost 
entirely  tube -fed  pahoehoe.  A second  vent  slightly  uphill  and  south 
of  the  mam  1801  vents  fed  a small  flow  that  overlies  the  mam  1801 
flows.  This  younger  1801  vent  must  have  had  extremely  gentle 
eruptive  activity  because  no  rampart  or  cone  was  constructed  along 
the  eruptive  fissure.  A previously  undiscovered  1800-01  vent  at 
1 ,2%-m  (4,250  ft)  elevation  on  the  northwest  rift  zone  fed  small  aa 
flows  down  both  the  north  and  west  flanks  of  the  rift  system.  The 
fifth  1800-01  vent  occurs  within  the  much  older  Kaupulehu  cone. 
The  eruption  veneered  part  of  the  cone  and  fed  small  flows  in  three 
directions.  The  eruptive  sequence  of  the  five  vents  is  not  known,  but 
the  main  activity  of  the  eruptive  sequence  appears  generally  to  have 
migrated  downslope. 

The  not  youngest  ma>or  eruption  apparently  occurred  from 
Luamakami.  I km  northwest  of  the  summit,  at  300 ±60  yr  B.P., 
and  produced  flows  that  swept  down  both  the  north  and  southwest 
flanks  of  I lualalai.  After  extrusion  of  about  200  X I06  m3  of  alkali 
olivine  basalt,  collapse  at  one  vent  caused  a minor  phreatic  otplosion 
that  deposited  fragments  of  contact -metamorphosed  basalts  derived 
from  the  walls  of  the  conduit  (fig.  20. 9X 


Figure  20.7. — AcnaJ  view  looking  north  along  western  roatl  at  HualaUi 
Volcano  Keduhou  Bay  is  m foreground,  dark  flow  from  Waha  fVIe  forming  it* 
north  side,  [own  of  Kailua  n in  middle  distance.  Lava  flow  of  1001  is  large  dark 
patch  in  distance. 


The  next  youngest  major  eruption  occurred  at  Waha  Pdc,  on 
the  south -southeast  rift  zone  (figs.  20.10,  20. 1 IX  at  7I0±  150  yr 
B.P  As  basaltic  magma  approached  the  surface,  it  apparently 
intersected  a perched  water  table,  resulting  m massive  phreatic 
explosions.  Fragments  of  trachyte  and  basalt  as  large  as  0.4  m m 
diameter  were  distributed  over  an  area  of  at  least  10  km2.  Later  in 
the  eruption,  basaltic  magma  reached  the  surface,  vigorous  Strom- 
bolian  activity  built  a wide  low  cone  of  spatter,  and  a large  flow  was 
extruded.  This  flow,  which  has  a subaenal  volume  of  at  least 
400  X 106  m3,  entered  the  sea,  forming  the  north  side  of  Keauhou 
Bay  (fig.  20. 7X  and  continued  underwater  for  less  than  I km  (J.G. 
Moore  and  D.A.  Clague.  unpublished  dataX  Xenoliths  of  gabbro 
and  dunite  arc  locally  common  in  the  flow. 

Another  sequence  of  eruptions  occurred  on  the  northwest  nft 
about  800  years  ago.  The  vents  formed  then  include  ftiu  Nahaha, 
Puu  Alauawa.  and  an  unnamed  vent  about  200  m uprift  from  Puu 
Alauawa.  |-\iu  Nahaha  is  the  oldest  of  these  three  vents  and  erupted 
mainly  olivine-poor  aa  that  flowed  to  the  ocean  on  a broad  front. 
Puu  Alauawa  is  the  next  youngest  and  erupted  plagtoclase-nch 
pahoehoe  that  formed  a large  channel  and  tube  system  on  the  steep 
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FIGURE  20.8. — Xenoliths  of  1800  Hu&l&l&i  flow.  Note  that  moat  of  host  basalt  has  FIGURE  20.10. — Walts  Wc  area  of  Hualalai  Volcano  from  the  east.  Waha  FVle. 

drained  away.  dated  at  7 1 0 ± I50jr  B.P. . i»  in  center  of  photograph  (arrow);  dark  Sow  from  il 

extendi  to  left  out  of  photograph.  Cone  and  flow  just  beyond  it  is  dated  at 
2.290  ±70  yr  B P Light -colorrd  areas  in  foreground  and  middle  dutance  are 
underlain  by  trachytic  debris  ejected  during  phreatic  first  phase  of  Waha  Rde 
eruption.  Cone  in  right  foreground  consult  of  ankaramite  with  abundant  mafic  and 
uhramahc  xenoliths.  Part  of  Kailua  is  visible  in  distance. 


Figure  20.9. — East  run  of  Luamakami.  Hualalai  Volcano  Light-colored  rocks, 
mainly  on  right,  are  thermally  metamorphosed  basalt  ejected  during  phreatic 
explosion  at  end  of  eruption  300 ± 60  yr  B.P. 


slopes  near  the  vent.  Finally,  the  unnamed  vent  erupted  and  formed 
both  pahoehoe  and  aa  flows  of  oil  vine-rich  lava.  A perched  lava 
pond  formed  above  the  eruptive  fissure;  no  rampart  or  cone  exists. 
These  flows  were  dominantly  constrained  within  the  channel  and 
tube  system  developed  during  the  eruption  of  Puu  Alauawa,  and  the 
result  was  a large  flow  that  traveled  about  10  km  (northwestward)  to 
the  ocean,  forming  a lava  delta  about  3 km  wide.  Most  of  the  short 
flows  near  the  vent  are  dense  aa  flows,  whereas  the  main  flow  is 
pahoehoe  that  partly  transforms  to  a slabby  aa  near  the  ocean. 
These  eruptive  vents  migrated  uprift  during  the  eruptive  sequence. 
The  ages  of  their  flows  are  constrained  by  identical  and  unique 
paleomagnetK  orientations  for  the  earliest  and  latest  flows  (D.E. 
Champion,  written  commun.,  I985)i 


FIGURE  20.11.  — Aerial  *kw  north  across  part  of  the  south-southeast  rift  zone  of 
Hualalai  Volcano.  Waha  Pele  and  its  flow  are  in  foreground;  grassy  light-colored 
areas  just  beyond  Waha  Pele  are  underlain  by  explosively  ejected  trachyte  debris. 
Flow  m right  middle  distance  is  dated  at  900  ± 1 10  yr  B.  P Large  lava  channel 
below  horizon  in  center  n part  of  extensive  flow  dated  at  1,180  *.200  yr  B.P. 
Sharp  cone  on  left  horizon  probably  is  about  3,000  yean  old;  note  prominent 
pahoehoe  channel  usuing  from  it.  Pari  of  Kohala  Volcano  is  m distance. 


An  unnamed  vent  3 km  northeast  of  Waha  Pele  (fig.  20.12) 
erupted  about  900  ±110  years  ago.  Initial  high  fount aintng  dis- 
tributed basaltic  cinders  and  small  xenoliths  of  trachyte  over  a wide 
area  and  built  a large  low  spatter  cone  about  I km  in  diameter  and 
40-60  m high.  Continued  voluminous  production  of  lava  con- 
structed a satcllitic  shield  within  the  older  cone,  and  floods  of  lava 
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THOLEIITIC  SHIELD  STAGE 


FIGURE  20.12.  — Unnamed  mil  3 lun  Dortkeast  of  Waha  We.  Thu  md,  dated  at 
900 ± 1 10  jt  B.P..  n source  of  flow  on  right  side  of  figure  20. 10.  Note  partly 
collapsed  utdldK  shield  in  lower  left  comer;  shield  falls  crater  of  older  spatter  cone 
that  formed  during  early  stages  of  eruption. 

rafted  away  parts  of  the  cone.  The  flow,  which  has  an  estimated 
volume  of  800  X I06  m3  (one  of  the  largest  in  Hawaii X moved  4 km 
south  and  12  km  north-northeast  of  the  vent.  The  final  events  in  the 
eruptive  history  of  this  remarkable  vent  were  collapse  of  the  summit 
of  the  shield  to  form  small  nested  pit  craters  and  a small  eruption  of 
alkali  olivine  basalt,  richer  in  olivine  and  plagioclase  phenocrysts 
than  the  previously  erupted  material,  that  built  a small  cone  and  flow 
within  one  of  the  pit  craters. 

Underlying  part  of  the  previously  described  flow  are  the 
products  of  another  large  eruption  that  occurred  at  1 , 180  ± 200  yr 
B.P.  The  vent  for  this  eruption,  again  unnamed,  is  4.5  km  north- 
northeast  of  Waha  FWe.  High  fountaining  distributed  basaltic 
cinders  and  xenoliths  of  trachyte  over  a wide  area.  Voluminous 
pahoehoe  flows  spread  northeast  and  southeast.  These  flows,  which 
we  have  not  yet  finished  mapping,  are  thinner  than  those  of  the  900- 
year-old  eruption  but  still  have  a volume  in  excess  of  400  X I06  m3. 

The  youngest  eruption  on  the  diffuse  north-trending  rift  zone 
occurred  at  about  2,030  ± 80  yr  B. P.  This  eruption  was  unusual  in 
that  left -stepping  echelon  eruptive  vents,  which  occur  over  a distance 
of  8 km,  cut  obliquely  across  the  general  strike  of  the  rift  zone, 
changing  orientation  from  N.  10°  W.  at  the  northern  end  to  N.  50° 
E.  at  the  southwestern  end  (fig.  20. 5X  Similar  changes  in  vent 
alignment  occur  over  shorter  distances  on  the  northeast  rift  zone  of 
Mauna  Loa.  It  appears  that  the  eruptive  dike  was  fed  from  a 
reservoir  beneath  Hualalais  summit  and  followed  a radial  fracture 
extending  northeastward.  When  it  reached  the  northeast  flank  of 
Hualalai,  a stress  field  probably  induced  by  Mauna  Kea  caused  a 
change  in  strike  of  the  eruptive  vents  until  they  were  parallel  to  the 
edge  of  the  Mauna  Kea  edifice.  Lava  erupted  at  the  lower  elevation 
(1,130  m;  about  3,700  ft)  first  and  gradually  broke  out  higher  on 
the  volcanos  flank  to  the  south  and  southwest  as  the  eruption 
progressed,  reaching  elevations  around  1,830  m (about  6,000  ftX 
We  estimate  the  volume  of  this  eruption  to  be  at  least  400  x 10**  m*. 


Flows  of  tholeiitic  basalt  and  picntic  tholeiitic  basah  of  the 
shield  stage  are  not  exposed  on  the  subaeriai  surface  of  Hualalai. 
However,  the  presence  of  a tholeiitic  shield  beneath  the  subaenal 
alkalic  flows  is  confirmed  by  the  recovery  of  tholeiitic  basalt  by 
dredging  on  the  submarine  northwest  rift  zone  (Clague,  I982X  In 
addition,  tholeiitic  basalt  has  been  recovered  in  several  water  wells, 
and  picritic  tholeiitic  basah  occurs  as  xenoliths  at  Waha  Pde;  these 
rocks  probably  are  from  subsurface  parts  of  Hualalai. 

The  locations  where  tholeiitic  lava  has  been  found  are  shown  in 
figure  20. 1 , and  chemical  analyses  of  several  samples  are  presented 
m table  20.3.  The  discovery  of  tholeiitic  basah  from  Hualalai 
indicates,  as  with  other  Hawaiian  volcanoes,  that  the  vast  bulk  of  the 
volcano  is  made  of  tholeiitic  lava  and  that  alkalic  lava  occurs  in 
relatively  small  volume  in  the  late  stages  of  volcano  growth  (Clague, 

I982X 

The  submarine  tholeiitic  basah  samples  contain  only  olivine 
and  spinel  phenocrysts  with  the  exception  of  two  samples  that  also 
contain  plagioclase  and  dinopyroxene.  The  picritic  tholeiitic  basalt 
samples  contain  euhedral  olivine  phenocrysts,  subhedral  to  anhedral 
kink-banded  olivine  xenocrysts,  extremely  rare  ortbopyroxene 


Table  20.3.  — Campmehom  of  tholenttc  btuat  lampJci  from  Hualalai  Volcano 

[Major  dements  uialyzed  by  X-ray  fluorescence  by  I $ WaUberg.  J.  Taggart.  and  J Baker, 
partial  chemistry  by  B Lai.  H Nnman.  and  t Enghman.  trace  dementi  by  X-ray 
flnoersemee  by  H.J  Rose.  J Lindsay.  B McCall.  C ^Hkn.  and  R.  Johnson.  *1  d the 
USCS  KK/8I2-I I and  KK9-2  are  snbmarmr  samples  from  the  northwest  rdt  rone. 
1C— 1 1 and  K-13  are  from  the  Kahahrn  was  shaft  (tig.  20.1)] 


Sample 

KK7812-11  K-13 

K-11 

KK9-2 

Major  elementa  (weight  per cant ) 


SiO- 

46.8 

51.1 

51.4 

50.8 

ai28j  — 

8.48 

13.0 

13.8 

13.3 

r.2°3  — 

1.29 

3.03 

5.67 

2.33 

PeO 

10.4 

8.16 

5.79 

8.43 

MgO 

23.0 

9.79 

7.86 

7.57 

CaO 

6.49 

10.3 

10.6 

10.6 

Na,0 

1.36 

2.01 

2.05 

2.15 

k26 

.20 

.25 

.22 

.33 

H,0 

.20 

.04 

.17 

.36 

H,0  

.08 

.07 

.27 

.05 

tio2 

1.33 

1.95 

1.97 

2.14 

P2o5 

.14 

• 18 

.16 

.24 

KnO 

.12 

.17 

.17 

.16 

co2 

.04 

.03 

.28 

<.01 

Total  

100.0 

100.1 

100.4 

98.4 

Trace 

elements 

(ppm) 

Rb 

4 

3 

<2 

8 

Sr 

168 

244 

244 

296 

Y 

14 

22 

25 

24 

Zr — 

77 

100 

97 

13! 

Mb 

<5 

<5 

7 

12 
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xenocrysts,  and  rare  small  gabbroic  xenoliths.  The  olivine-por- 
phyntK  and  pientk  samples  plot  on  olivine-control  lines  and  can  be 
related  by  fractionation  and  accumulation  of  olivine  of  variable 
forsterite  content.  Hualalai  tholentic  basalt  has  trace-element  and 
isotopic  ratios  distinct  from  Mauna  Loa,  KJIauea,  and  Loihi 
tholentic  basalt  and  is  also  isotopically  distinct  from  the  overlying 
alkalic  basalt  (Clague,  1982).  ITese  differences  are  illustrated  in 
table  20.4,  which  shows  that  Hualalai  tholeiitic  basalt  is  most 
similar  to  that  of  Mauna  Loa,  but  that  the  trace-element  and  isotopic 
differences  between  tholeiitic  basalt  from  the  different  volcanoes 
require  that  the  source  regions  be  different  compositional ly.  The 
large  variations  in  La/Yb  and  La/Y  ratios  indicate  a major  role  for 
garnet  in  the  generation  of  Hawaiian  tholeiitic  basalt.  Further 
modeling  of  the  major -dement,  trace -dement,  and  isotopic  data  is  in 
progress  and  will  be  presented  elsewhere. 


TaBI.F-  20.4. — Elemental  and  isakrpk  ratios  in  thoieutsc  laOa  from  Hualalai  and 
other  H axeman  Volcanoes 

[Helium  dsta  tram  Km  and  others  (1963).  other  data  (ran  Clsfue  (1962)) 


Hualalai 

Mauna  Loa 

Kllauea 

Loihi 

La/Sa 2.2 

1 ,8-2.0 

2. 2-2. 8 

2.4 

La/Yb 3.6 

4-5 

6-8 

6.0 

La/Y .36 

.4 

.5-  .7 

.55 

K20/P205  1 . 7 

1.8 

2.0 

1.3 

‘’sr/^Sr .70173 

U»./4B*)xt. >«.<- 

.70374- 

.70386 

.70348- 

.70379 

.70347- 

.70357 

8.0- 

13.4- 

24.4- 

17.6 

8.6 

14.7 

31.9 

ALKALIC  STAGE 

The  surficial  flows  of  Hualalai  Volcano  are  alkali  olivine  basalt 
or  basalt  transitional  to  hawaiite,  with  the  exception  of  the  Waawaa 
Trachyte  Member  cone  and  its  flow.  Trachyte  also  occurs  as  blocks 
in  the  maar  deposit  at  Waha  Pde,  as  a subsurface  flow  (drilled  near 
the  1801  vents,  figs.  20.1,  20. 5X  and  as  small  chips  in  the  cinder 
deposits  of  two  other  vents.  These  occurrences  suggest  that  trachyte 
is  rdativdy  widespread  on  Hualalai.  but  that  most  exposures  have 
been  buried  beneath  subsequent  alkalic  basalt  flows.  Chemical 
analyses  of  trachyte  from  three  of  these  locations  are  presented  in 
table  20.5,  and  the  locations  are  shown  in  figure  20. 1 . Some  of  the 
trachyte  samples  contain  rare  (<2  percent)  modal  nephdine. 

Clague  and  others  (1980)  presented  geochemical  data  for  17 
samples  of  prehistoric  alkali  basalt  flows  and  1 5 samples  from  the  01 
eruptions.  They  reached  the  following  conclusions:  (1 ) The  historical 
flows  are  nearly  homogeneous,  although  several  samples  reflect 
accumulation  and  resorption  of  olivine,  plagioclase,  and  clinopyrox- 
ene  xenocrysts.  (2)  The  prehistoric  flows  are  chemically  similar  to 
the  historical  flows,  although  they  include  lava  that  underwent 
fractionation  leading  to  hawaiite.  (3)  The  alkalic  basalt  magma  can 
be  derived  by  5-10  percent  partial  melting  of  a garnet- bearing 
source  that  is  enriched  in  the  light  rare-earth  elements.  (4)  The 


Tabu-:  20.5. — Compositions  of  trachyte  samples  from  Hualalai  Volcano 

[Data  (or  HAW- 1 5 from  B.mbc  Vokw.nn  Study  Propel  ( 1961)  Ssmpfcs  67- 101 A wd 
67-104  arr  Kodmul  block,  collated  by  T , Analyse.  are  daiocal  wtl  cW>  by 
G.  Riddle  ti  the  USGS:  ...  not  determined] 


Unnamed  vent 
3 km  northeast  of 

Vent 

Pau  Waawi 

aa  Waha  Pele 

Waha  Pele 

Sample 

HAW- 15 

67-101A 

67-104 

Major  elements  (weight  percent) 

sio,  — 

62.99 

63.10 

62.84 

18.04 

17.79 

17.86 

r*l°]  - 

4.42 

2.24 

2.67 

FeO  

0 

1.35 

.90 

MnO 

.32 

.52 

.49 

CaO 

.71 

0.79 

.66 

Na20 

7.19 

7.63 

7.18 

to 

4.87 

4.97 

4.90 

"2°  — 

1.31 

.26 

.67 

H,0  

1.31 

.04 

. 16 

TiO, 

.45 

.50 

.48 

P2°5  ~ 

.13 

.12 

.13 

MnO 

.29 

.30 

.27 

C°2  

.11 

.00 

.00 



.09 

.08 

Total  — 

100.8 

99.71 

99.27 

Trace  elements  (ppm) 

Rb 

108 





Sr 

48 

— 

— 

¥ 

23 

— 

— 

Zr 

905 

— 

— 

Mb 

127 

— 

— 

source  region  for  alkalic  basalt  beneath  Hualalai  is  particularly  rich 
in  K20  compared  to  that  beneath  other  Hawaiian  volcanoes. 

Some  of  the  alkali  basalt  vent  deposits 

are  aphyric,  whereas 

others  contain  phenocrysts  of  olivine,  olivine  and  plagioclase,  or 

olivine,  clinopyroxene, 

and  plagioclase  (table  20.6).  The  most 

abundant  lava  type  is  olivine- porphyritic  basalt.  There  is  no  clear 
correlation  of  phenocryst  mineralogy  with  either  age  or  location  of 

the  vents  on 

the  volcano;  however,  as  noted  earlier,  clusters  of  vents 

with  similar  mineralogy 

occur  locally. 

Tabu:  20.6. — C^ompangive  abundance  of  phenocryst  assemblages  en  samples  of 
alkali  basalt  from  Hualalai  Volcano 
[ Baird  on  study  at  256  uapln  al  vent  depout  i.  bombs,  wd  cognalr  blocks) 

Phenocryst  assemblage  Percent  of 

samples 

Olivine 

37 

Olivine  + plagioclase 

24 

Olivine  + pyroxene 

8 

Olivine  ♦ plagioclase  + pyroxene 

24 

Plagioclase 

2 

Aphyric 

5 
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We  now  have  analyses  of  about  300  samples  of  alkaiic  lava 
representing  all  the  vents  and  many  flows  on  the  modern  surface. 
Chemical  analyses  of  21  dated  flows  are  presented  in  table  20.7. 
The  analyses  of  alkaiic  basalt,  trachyte,  and  tholeiitic  basalt  from 
tables  20.3,  20.5,  and  20.6  and  other  unpublished  analyses  are 
plotted  on  the  Macdonald-Katsura  alkali-silica  diagram  in  figure 
20.13.  We  have  also  plotted  magnesium  variation  diagrams  (fig. 
20.14)  using  all  available  analyses  of  Hualalai  lava.  In  addition, 
Peterson  and  Moore  (chapter  7)  compare  Hualalai  analyses  with 
those  from  other  Hawaiian  volcanoes.  Most  of  the  plots  display 
wide  scatter  that  partly  reflects  varied  phenocryst  populations.  The 
plot  of  A120,  against  MgO  has  the  tightest  cluster  of  data  and  best 
shows  the  importance  of  olivine  control;  some  scatter  occurs  at  the 
low-magnesia  end,  as  differentiation  has  proceeded  beyond  olivine 
control.  Alkaiic  lava  is  olivine-controlled  only  at  relatively  high 
MgO  contents. 

Part  of  this  study  was  designed  to  evaluate  changes  in  lava 
chemistry  through  time.  Because  we  have  not  yet  completed  map- 
ping all  of  the  volcano,  we  cannot  at  this  time  construct  a detailed 
stratigraphic  history  of  the  surface  flows.  However,  we  have  analyses 
of  18  alkaiic  basak  flows  dated  by  ,4C  that  range  in  age  from 
12,950  yr  B.P.  to  the  historical  1800-01  flows.  These  samples  can 
be  used  to  evaluate  time-dependent  compositional  changes.  The 
major-  and  trace-element  data  from  these  samples  are  given  in  table 
20.6,  arranged  from  oldest  to  youngest.  We  have  examined  k2o/ 
P2Ov  Zr/Nb,  Zr/Y,  Rb/Sr,  and  K/Rb  ratios  as  a function  of 
time  and  find  no  correlations  that  indicate  systematic  chemical 
changes  through  the  last  13,000  years  of  volcanic  history.  In 
addition,  we  have  analyzed  samples  from  the  1800  flow,  the  1801 
flow,  and  one  prehistoric  vent  deposit  for  87Sr/tk>Sr  ratio,  and  all  are 
within  analytical  precision  at  0.70362  :t  0.00001 . 

The  data  for  the  younger  alkaiic  lava,  combined  with  that  for 
the  much  older  tholeiitic  lava  recovered  from  the  submarine  north- 
west rift  zone,  display  the  same  inverse  correlation  between 
87Sr/*7Sr  and  Rb/Sr  (or  La/Sm)  ratios  seen  al  other  Hawaiian 
volcanoes  (Chen  and  Frey,  1983;  Clague  and  others,  1983;  Feigen- 
son,  1984;  Roden  and  others,  1984 X More  detailed  analysis  of  the 
alkaiic  basalt  erupted  dunng  the  last  13,000  yr  may  show  subtle 
time-dependent  chemical  variations.  However,  at  the  present  time  we 
can  only  compare  the  groups  of  tholeiitic  and  alkaiic  lava  flows  to 
evaluate  chemical  changes  over  long  lime  periods.  As  at  Haleakala. 
Fast  Molokai,  Kauai,  and  Oahu,  the  samples  with  the  most 
enriched  trace-element  ratios  and  the  least  radiogenic  isotopic  ratios 
are  of  younger  alkaiic  basalt.  These  data  can  be  explained  by  mixing 
of  melts  derived  from  several  sources  (see  Chen  and  Frey,  I983X  but 
they  imply  a complex  petrogenesis  of  the  lava. 

XENOUTHS 

llic  A.D.  1800  Kaupulehu  flow  on  Hualalai  Volcano  is  well 
known  for  its  abundant  coarse  grained  xenoliths  (Richter  and 
Murata.  1961;  Jackson,  1968,  Jackson  and  others,  1981 X and 
many  prehistonc  vent  deposits  and  flows  also  contain  abundant 
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FIGURE  20.13. — Alkali  ulna  diagram  ibowing  ifo  folds  for  HuaUUi  lava  groups.  Shaded  Hualalai  afcafo  bauh  fold  is  from  CUgoc  and  others  (I960)  and  large 
unshaded  field  u based  on  about  300  new  analyses.  Sample  KK-DI I , dredged  from  northwest  rift  zone,  is  chemically  distinct  from  other  dredged  or  drilled  ihotentK 
samples  in  that  it  has  higher  alkali  contents  and  has  trace-element  signature  intermediate  between  iholeutK  basalt  and  alkabc  basalt.  Circled  numbers  are  average 
Hawaiian  compositions  from  Macdonald  (1966):  I,  trachyte;  2,  benmoreite;  3,  mugeante;  4.  hawaute;  5,  alkabc  basalt;  6,  picntsc  tholeutic  basalt;  7,  tholeutsc  basalt. 


xenoliths.  Richter  and  Murata  (1961)  briefly  described  the  remark- 
able occurrence  of  xenoliths  in  discrete  cobble  beds  at  about  950  m 
elevation  in  the  Kaupuiehu  flow.  More  recently.  Jackson  and  Clague 
(1982)  presented  a detailed  plane-table  map  of  this  site,  and 
Jackson  and  others  (1981)  presented  data  on  the  lithology,  size, 
shape,  density,  mineralogy,  and  chemistry  of  xenoliths  from  the  site. 
During  our  detailed  mapping  of  Hualalai  Volcano  we  have  dis- 
covered numerous  additional  vents  and  flows  and  several  pyroclastic 
deposits  that  contain  xenoliths,  commonly  in  great  numbers.  These 
sites  are  shown  on  figure  20.1.  With  a few  Deceptions,  these  new 
sites,  like  those  described  previously,  contain  dunite  and  gabbro 
xenoliths;  no  Iherzolite  or  garnet-bearing  xenoliths  have  been  found. 
A few  vents  and  flows  have  either  nearly  all  dunite  or  nearly  all 
gabbro. 

Three  sites  are  distinctive  in  that  the  coarse-grained  xenoliths 
occur  in  pyroclastic  deposits;  these  include  the  gabbro  and  diabase 
xenoliths  in  a tuff  at  Hainoa  Crater  (fig.  20.  IX  angular  blocks  of 
gabbro  and  syenite  as  loose  blocks  on  the  surface  in  the  vicinity  of 


Malekule  (fig.  20. 5X  and  a lag  deposit  of  mainly  dunite  with  less 
common  wehrlile  and  gabbro  from  just  cast  of  Hainoa  Crater.  The 
lag  deposit  apparently  formed  as  a wind- winnowed  cinder  deposit, 
but  the  other  two  deposits  resulted  from  phreatic  eruptions.  The 
xenoliths  in  the  tuff  surrounding  Hainoa  Crater  are  mostly  diabase 
with  accumulated  olivine  and  clinopyroxene;  they  probably  formed 
as  cumulates  in  a lava  lake  within  the  crater.  The  xenoliths  in  the 
area  of  Malekule  include  gabbro  and  varieties  of  syenite  bearing 
biotite,  apatite,  or  zircon.  These  samples  apparently  represent  the 
cumulates  formed  in  a shallow  magma  reservoir  associated  with 
trachyte  erupted  early  in  the  alkalic  stage  at  Puu  Waawaa  and  other 
locations. 

Xenoliths  in  the  1800  Kaupuiehu  flow  are  dominantly  dunite 
and  wehrlite  with  metamorphic  textures  (Kirby  and  Green,  I980X 
Only  five  percent  of  the  xenoliths  are  dikes,  sills,  and  veins,  whereas 
about  one-third  are  cumulates  ranging  from  dunite,  wehrlite,  troc- 
tolite,  clinopyroxene  gabbro,  and  olivine-clinopyroxene  gabbro  to 
anorthosite.  Orthopyroxene -bearing  xenoliths  are  rare  but  include 
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Fk.I.KI  20.14.  — Magjvua  vanalron  diagram*  fur  a Ik.*  In  lava  Minpln  ft  urn  HuaJalai  Volcano. 
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websterite  and  norite.  Preliminary  analysis  of  these  samples  indicates 
that  some  are  probably  cumulates  related  to  the  alkalic  and  tholeiitic 
lava  of  Hualalai  Volcano,  whereas  others  are  related  to  tholeiitic 
basalt  of  the  underlying  oceanic  crust  (D.A.  Clague,  unpub.  data, 

I985X 

The  presence  of  rocks  from  the  oceanic  crust,  and  the  pressure 
inferred  from  C02  inclusions  m olivine  (Roedder,  l%5)  in  the 
dunite  xenoliths,  indicate  that  the  host  lava  rose  rapidly  from  a depth 
of  about  15-20  km.  Clague  and  others  (I960)  infer  from  the  lava 
compositions  that  some  fractionation  occurred  prior  to  incorporation 
of  the  xenoliths  and  suggest  that  the  magma  fractionated  at  depth. 
We  propose  that  this  fractionation  occurred  near  the  base  of  the 
oceanic  crust  at  a depth  of  about  20  km. 

I he  few  rare  xenoliths  found  in  the  tholeiitic  lava  dredged  from 
the  northwest  rift  zone  are  shallow  level  cumulates  similar  to  those 
that  occur  in  tholeiitic  lava  from  other  Hawaiian  volcanoes  (Jackson, 

1968). 

GEOPHYSICAL  STUDIES  AND  GEOTHERMAL 
POTENTIAL 

SEISMICITY 

The  Hawaiian  Volcano  Observatory  (HVO)  has  maintained 
a seismic  station  3 km  east  of  Hualalais  summit  since  1971 . During 
the  last  1 6 years,  no  swarms  of  microearthquakes  nor  any  harmonic 
tremor  from  a source  beneath  Hualalai  were  recorded.  Each  year, 
however,  several  magnitude-4  earthquakes  occur  on  Hualafai,  most 
commonly  from  a fairly  deep  source  just  off  the  coast  near  the 
northwest  rift  zone  (HVO,  unpub.  data).  This  seismicity  appar- 
ently is  not  related  to  magmatic  movement  within  the  volcano. 

In  1929,  an  intense  swarm  of  earthquakes,  lasting  over  a 
month,  occurred  beneath  Hualalai  (Macdonald  and  others,  1983). 
It  seems  likely  that  magma  was  intruded  close  to  the  surface  at  that 
time. 

GRAVITY 

Hualalai  is  unique  among  the  five  volcanoes  on  the  Island  of 
Hawaii  in  having  a gravity  high  of  rather  low  amplitude  that  is  offset 
from  its  summit  and  rift  zones  (Kinoshita  and  others,  1963).  The 
amplitude  of  this  anomaly  is  50-60  mGal  less  than  the  anomalies 
over  the  other  four  volcanoes.  The  closed  high  is  nearly  20  km  south 
of  Hualalais  summit  and  appears  to  be  more  related  to  the 
Kealakekua  fault  system  on  the  west  flank  of  Mauna  Loa  than  to 
Hualalai.  We  suggest  that  the  relatively  low  gravity  (250  mGal) 
over  Hualalais  summit  and  rift  zones  reflects  the  presence  of 
relatively  low  density  trachyte  that  is  thinly  mantled  with  mafic  lava. 

AEROMAGNETICS 

The  aeromagnetic  data  for  Hualalai  (Godson  and  others. 
1981)  are  even  more  striking  than  the  gravity  data.  Hualalai  is  the 
only  one  of  Hawaii’s  five  volcanoes  with  a pronounced  aeromagnetic 


low  over  its  rift  zones  and  summit  area.  We  interpret  these  results  in 
the  same  manner  as  the  gravity  data:  Hualalais  rift  zones  and 
summit  are  underlain  by  relatively  nonmagnetic  material,  that  is, 
trachyte.  The  alternative  view,  that  there  is  abundant  magma  above 
the  Curie  temperature  at  shallow  levels,  seems  less  likely,  given  the 
relative  lack  of  seismicity  or  significant  ground  deformation. 

ELECTRICAL  GEOPHYSICAL  STUDIES 

Jackson  and  Sako  (1982)  have  run  numerous  electrical  self- 
potential traverses  across  the  rift  zones  and  summit  area  of  Hualalai. 
They  report  that  Hualalai  has  anomalies  similar  to  those  over  known 
heat  sources  on  Kilauea  Volcano.  They  estimate  that  the  depths  to 
the  tops  of  the  sources  of  anomalies  near  the  1 800  vents  and  near  the 
summit  are  200  m and  500  m,  respectively.  We  suggest  that  the  heat 
probably  is  residual  and  associated  with  a cooling  magma  body 
emplaced  in  1800. 

Kauahikaua  and  Mattice  (1981)  carried  out  resistivity  surveys 
on  Hualalai;  they  found  low-resistivity  layers  beneath  the  summit 
and  near  the  1801  vents  and  suggested  that  they  might  be  targets  for 
future  geothermal  exploration.  Wc  suggest  that  further  exploration  of 
the  entire  northwest  rift  zone  for  potential  geothermal  resources  is 
warranted.  The  infrequency  of  eruptions  combined  with  the  signifi- 
cant self-potential  and  resistivity  anomalies  make  Hualalai  an  attrac- 
tive target. 


VOLCANIC  HAZARDS 

The  stratigraphic  and  geochrono logic  data  that  we  have 
obtained  permit  a preliminary  assessment  of  the  hazards  that  future 
eruptions  of  Hualalai  pose  to  the  burgeoning  population  in  the  Kona 
district.  These  hazards  arc  of  two  general  types,  caused  by 
pyroclastic  material*  and  by  lava  flows. 

Pyroclastic  deposits  on  Hualalai  generally  are  of  two  types: 
the  dominant  type  is  cinders  and  spatter  associated  with  cone  or 
rampart  building  at  vents;  less  abundant  is  debris  resulting  from 
explosive  phreatic  eruptions.  The  latter  are  quite  rare,  although  two 
of  the  last  three  major  eruptions  (those  of  Luamakami  about  300 
years  ago  and  Waha  Me  about  700  yr  ago)  included  explosive 
events.  At  Luamakami  (fig.  20.8X  phreatic  explosions  near  the  end 
of  the  eruption  ejected  blocks  of  thermally  metamorphosed  basalt  as 
much  as  1 m in  diameter  at  least  100  m from  the  vent.  The  affected 
area  was  quite  small,  however;  probably  less  than  0.5  km2  was 
devastated. 

Explosive  phreatic  eruptions  that  preceded  basaltic  effusion  at 
Waha  Pele  were  more  significant.  As  mentioned  earlier,  ascending 
basahic  magma  caused  violent  steam  eruptions  that  ejected  blocks  of 
trachyte,  picritic  tholeiite,  and  alkali  basalt  as  large  as  0.4  m in 
diameter;  fine  ash  covered  an  area  of  at  least  10  km2.  This  eruption 
likely  would  have  destroyed  anything  living  nearby,  but  its  effects  did 
not  extend  to  the  coast  1 6 km  away,  where  both  ancient  and  modem 
people  as  well  as  commerce  have  been  concentrated. 
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Eruptions  near  sea  level  on  the  lower  northwest  rift  zone,  by 
analogy  with  the  I960  eruption  of  Kilauea  (Richter  and  others, 
I970X  could  result  in  local  phreatic  explosions  during  dominant 
Strombolian  and  effusive  activity.  Most  vent  deposits  on  Hualalai 
have  formed  typical  cinder-and-spatter  cones  and  spatter  ramparts. 
Although  the  wide  dispersal  of  cinders  from  some  vents  indicates 
that  the  eruptions  may  have  been  sub-Ptiman,  it  seems  unlikely  that 
such  eruptions  would  threaten  populated  areas. 

Lava  flows  pose  by  far  the  greater  danger.  Hualalai  s summit  is 
only  15  km  from  Kailua;  the  average  topographic  gradient  across 
the  distance  is  168  m/km,  corresponding  to  a 9.5°  slope.  A flow  as 
voluminous  and  fluid  as  that  of  1 800  could  cover  that  distance  in  a 
few  hours.  Recent  (younger  than  3,000  yr  B.P.)  flows  have 
originated  at  vents  that  are  fairly  evenly  spaced  along  the  northwest 
and  south-southeast  rift  zones  (fig.  20. 5)l  Thus  we  cannot  predict 
on  that  basis  where  the  next  activity  will  occur.  On  the  other  hand, 
the  youthfulness  of  the  terrain  north  of  Kailua  and  the  presence  of 
the  large  self- potential  anomaly  near  the  1800  vents  imply  that  the 
next  eruption  may  occur  on  the  northwest  rift  zone.  The  location  of 
the  vent  relative  to  the  topographic  axis  of  the  rift  is  critical;  a few 
tens  or  hundreds  of  meters  to  the  north  or  south  may  determine 
whether  the  flows  go  north  over  relatively  unpopulated  ranchJand  or 
southwest  into  populated,  industrialized  areas.  A flow  from  the 
southeast  rift  zone,  if  it  gets  within  one  or  two  kilometers  of  the  sea, 
could  also  be  devastating;  total  property  values  on  the  700-year-old 
Waha  Pele  flow  are  approaching  $1  billion.  It  seems  unlikely  that 
mitigating  measures,  such  as  diversion  barriers,  would  be  effec- 
tive— the  Waha  Pele  flow  locally  is  more  than  1 5 m thick  and  is  1 .3 
km  wide  at  the  ocean.  Depending  on  the  speed  and  size  of  any  future 
flow,  evacuation  may  be  the  only  feasible  measure. 

The  eruptive  recurrence  interval  of  Hualalai  for  all  of  Holo 
cene  time  is  on  the  order  of  50  years  (about  200  eruptions  in  10.000 
yrX  though  much  longer  for  any  specific  point  on  it.  However,  our 
mapping  and  l4C  dating  indicate  that  eruptions  have  occurred  in  I 
clusters  (groups  of  several  eruptions  over  a few  hundred  years,  i 
separated  by  several  centuries  of  inactivity)  The  current  lack  of 
magma -related  seismicity  and  deformation  provides  no  information  ' 
about  when  the  next  eruption  might  occur.  In  1800  the  magma 
ascended  quite  rapidly  from  a depth  of  15-20  km  (Clague  and 
others,  1980)  judging  from  the  size  and  abundance  of  the  mafic  and 
ultramafic  xenoliths  that  it  earned  up  from  that  depth.  This  rapid  ! 
ascent  implies  that  seismic  detection  of  shallow,  magmatic  movement 
may  precede  actual  eruptive  activity  by  only  a short  time.  The 
intervals  between  the  latest  Holocene  eruptions,  including  the  186 
years  since  the  last  one,  lead  us  to  suggest  that  a I lualalai  eruption  is 
highly  probable  within  the  next  200  years  and  could  well  occur 
during  the  next  few  decades. 
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PLEISTOCENE  SUBGLACIAL  ERUPTIONS  ON  MAUNA  KEA 

By  Stephen  C.  Porter 1 


ABSTRACT 

A distinctive  assemblage  of  pyroclastic  cones  and  lava 
flows  inside  the  limit  of  Pleistocene  glaciation  on  the  upper 
slopes  of  Mauna  Kea  Volcano  is  attributed  to  subglacial  erup- 
tions during  two  intervals  when  an  ice  cap  mantled  the  summit 
of  the  mountain.  During  the  Waihu  glaciation,  when  an  ice  cap 
of  about  140  km2  formed,  eruptions  built  two  pyroclastic  cones 
composed  of  hyalocUstite  tuff  capped  by  subaerially  erupted 
bomb-bearing  cinder  deposits.  Associated  lava  flows  have  steep 
embayed  margins  and  glassy  surfaces,  and  are  locally  pal- 
agonitized.  A bouldery  conglomerate  on  the  southwestern  flank 
of  the  volcano  is  inferred  to  have  resulted  from  floods  caused  by 
failure  of  glacier-impounded  lakes  that  formed  over  the  erupting 
vents. 

A younger  group  of  cones  and  lava  flows  was  erupted 
during  the  Makanaka  glaciation,  when  a smaller  ice  cap  (70 
km2)  mantled  the  summit.  A seismic  discontinuity  in  one  of 
these  cones  may  mark  a boundary  between  a hyaloclastite  core 
and  overlying  hydrothermally  altered  cinders  that  are  exposed 
locally.  Associated  lavas  are  characterized  by  steep  margins, 
pillows,  glassy  surfaces,  spiracles,  and  palagonitized  zones.  The 
morphology  of  flow  margins  suggests  that  ice  was  thin  along  rift 
zones  but  thickened  away  from  them. 

Stratigraphic  relations  and  radiometric  ages  show  that  the 
Waihu-age  eruptions  occurred  during  marine  isotope  stage  6 
and  the  Makanaka-age  eruptions  took  place  either  during  stage 
3 or  near  the  end  of  stage  4.  Although  firm  evidence  of  sub- 
glacial eruptions  earlier  than  the  Waihu  glaciation  is  lacking, 
such  events  are  likely  to  have  occurred  during  the  Pohakuloa 
glaciation  ( isotope  stage  8)  at  the  close  of  the  tholeiitic  shield- 
building phase  of  Mauna  Keas  growth. 

INTRODUCTION 

The  phenomenon  of  subglacial  volcanic  eruptions  has  been  well 
documented  through  studies  of  distinctive  ice-contact  volcanic  rocks 
and  landforms  in  Iceland,  western  Canada,  and  Antarctica.  In  each 
of  these  regions  volcanoes  have  erupted  in  environments  subjected  to 
repeated  and  widespread  glaciation.  In  tropical  latitudes,  where 
modem  and  former  snowlines  lie  at  high  elevations  and  evidence  of 
past  glaciation  is  far  more  restricted,  the  opportunities  for  glacier- 
volcano  interaction  are  less  common.  One  of  the  best -documented 
records  of  such  activity  is  from  the  upper  slopes  of  Mauna  Kea,  the 
only  Hawaiian  volcano  on  which  evidence  of  past  glaciation  has  been 
found  (fig.  21.1). 


Glacial  features  on  Mauna  Kea  were  first  reported  by  Daly 
(1910)  and  investigated  more  fully  by  Wentworth  and  Powers 
(1941 ) and  by  Steams  (1945)  and  Steams  and  Macdonald  (I946)i 
Although  Steams  speculated  that  a distinctive  conglomerate  on  the 
south  slope  of  the  mountain  may  have  resulted  from  floods  caused  by 
eruptions  that  melted  an  ice  cap,  supportive  evidence  for  such  events 
has  been  forthcoming  only  during  recent  stratigraphic  and  sedimen- 
tologic  studies  of  the  glacial  and  volcanic  succession  on  the  upper 
slopes  of  the  mountain  (Porter,  1979a,  bX  This  evidence  points  to 
subglacial  volcanic  activity  during  at  least  two  intervals  when  the 
summit  region  was  mantled  with  an  extensive  ice  cap.  The  resulting 
landforms  and  deposits,  which  are  analogous  to  subglacial  phe- 
nomena described  from  higher  latitudes,  are  unique  in  Hawaii  and 
are  confined  to  the  area  within  the  defined  limits  of  successive 
Pleistocene  glaciers. 

Stratigraphic  nomenclature  used  in  this  chapter  is  that  of 
Langenheim  and  Clague  (chapter  I , part  II). 
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GLACIAL  RECORD 

STRATIGRAPHIC  SEQUENCE  ON  MAUNA  KEA 

Exposed  volcanic  rocks  and  sediments  on  Mauna  Kea  are 
divided  into  two  major  lithologic  successions  (fig.  21.2).  The 
Hamakua  Volcanics  includes  a thick  tholetitic  assemblage,  which 
forms  the  main  volcanic  shield,  and  the  overlying  Hopukani  Vol- 
canic Member  and  the  Pohakuloa  Glacial  Member.  The  Hopukani 
Volcanic  Member  comprises  lavas  and  related  pyroclastic  cones 
exposed  mainly  below  an  elevation  of  1,000  m,  where  they  are 
discontinuously  mantled  by  younger  lavas. 

The  sediments  of  the  Pohakuloa  Glacial  Member  lie  at  or  near 
the  top  of  the  Hopukani  lavas,  which  were  their  source  rocks. 
Although  the  Pohakuloa  sediments  were  inferred  by  Steams  (1945) 
to  be  an  explosion  breccia,  a variety  of  characteristics,  including 
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sedimentary  facies  (till  and  outwashX  grain-size  distribution,  clast 
fabnc  and  angularity,  faceted  clasts,  presence  of  striated  lava 
surfaces  underlying  the  unit,  and  absence  of  bomb  sags,  point  to  a 
glacial  origin  (Porter,  l979a)L  Exposed  only  in  several  gulches  that 
indent  the  upper  south  slope  of  the  volcano,  the  Pohakuloa  Glacial 
Member  constitutes  the  oldest  exposed  evidence  of  glaciation  on 
Maun  a Kea. 

The  overlying  Laupahoehoe  Yblcamcs  consists  of  a widely 
exposed  sequence  of  alkalic  lavas  and  pyroclastic  layers 
(Waikahalulu  Volcanic  MemberX  and  sedimentary  strata;  it  is  much 
thinner  than  the  Hamakua  Y'olcamcs.  Lavas  are  predominantly 
blocky  hawaiite  aa  flows  that  issued  from  vents  near  the  summit  and 
along  the  rift  zones.  On  the  upper  slopes,  a succession  of  superim- 
posed flows  reaches  a thickness  of  100  m or  more,  but  on  the  lower 


slopes,  where  commonly  only  a single  flow  overlies  lavas  of  the 
Hamakua  Volcanics,  thicknesses  of  30  m or  less  are  typical. 
Associated  pyroclastic  cones  are  composed  of  dark -gray  or  reddish 
cinders,  scona,  and  bombs. 

'Hiree  layers  of  glacial  drift  are  interstratified  with  lavas  of  the 
Laupahoehoe  Volcanics.  The  Waihu  Glacial  Member  is  exposed 
mainly  in  kipukas  (inkers)  on  the  southwest  slope  of  the  volcano 
below  an  elevation  of  about  3,350  m.  Elsewhere  it  is  largely  covered 
by  younger  lava  flows  and  glacial  deposits.  A belt  of  Waihu 
moraines  west  of  Waikahalulu  Gulch  is  overlapped  by  younger  lavas 
that  pass  upslope  beneath  post -Waihu  end  moraines.  Where  the 
Waihu  drift  is  exposed  at  the  surface,  it  has  been  substantially 
modified  by  weathering  and  erosion.  Commonly  the  drift  is  highly 
indurated  and  forms  steep  cliffs  along  gulches.  End  moraines. 


issw 
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I- Hit  HI  21.1.  — Map  of  upper  slopes  of  Maun*  Kra  showing  reconstructed  ice  cap  (blur)  uf  ihc  lair  Makanaka  glaiutiuft  and  the  nunataks  (while)  lhal  roar  above  il. 
Contour  interval  iOO  m.  mih  100-in  interval  for  ice  cap.  .Shaded  pattern  shows  extort  of  early  Makanaka  drift  beyond  late  Makanaka  ice  lirmt  Known  extent  of  more 
extensive  Waihu  glacier  is  shown  by  heavy  dashed  line  on  the  southwest  flank. 
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however,  arc  subdued.  In  places,  tor-like  pinnacles  of  drift  standing 
up  to  3 m high  indicate  the  minimum  erosion  that  has  occurred  since 
the  moraines  were  deposited.  Associated  outwash  gravels  mantle  the 
lower  southwest  slope  of  the  mountain  below  the  belt  of  moraines, 
and  a dissected  outwash  fan  lies  at  the  base  of  Waikahalulu  Gulch. 
Surface  stones  tend  to  be  deeply  pitted  or  spalled,  and  most  have 
brownish  oxidation  rinds  1-2  nun  thick. 

The  Makanaka  Glacial  Member  includes  two  bodies  of  drift,  | 
the  older  of  which  is  bordered  by  end  moraines  that  are  exposed 
dtsconlinuously  around  the  summit  area.  The  older  Makanaka  drift 
is  less  indurated  than  Waihu  drift,  and  surface  stones  are  stained 
light  yellowish  brown.  In  many  places  it  is  buried  by  younger  lavas 
or  by  younger  drift  of  late  Makanaka  age.  The  younger  drift  forms 
conspicuous  arcuate  moraines  around  much  of  the  summit  area  at  ! 
about  the  3,500-m  level,  as  well  as  prominent  lateral  moraines  along 
several  major  gulches.  Above  the  drift  limit,  low  recessional  mor- 
aines are  found,  especially  on  the  southeast  and  southwest  slopes  of 
the  mountain.  Striated  lava  surfaces  arc  widespread  on  the  summit 
plateau  above  about  3,600  m.  The  younger  drift  is  little  weathered, 
and  soil  profiles  are  thin  and  weakly  developed.  Associated  melt- 
water sediments  are  confined  largely  to  the  floors  of  gulches  and  to 
the  plain  at  the  south  base  of  the  mountain. 


Figure  21.2. — Lltho*lrAtl«r«pl)K  unit*  on  upper  Uopr«  of  Maun*  Kr*.  thawing 
retains  to  geoiogx  time  *c*le  (modified  from  Prxlrr.  1979*), 


PLEISTOCENE  ICE  CAPS 

The  ice  cap  of  late  Makanaka  time  can  be  reconstructed  in 
considerable  detail  using  abundant  ice-limit  data  in  the  summit 
region  (Porter.  197%).  Radial  profiles,  based  on  end  moraines  and 
on  upper  limits  of  erratic  stones  on  cinder  cones  within  the  drift  limit, 
were  constructed  along  various  flow  lines,  as  inferred  from  striations 
and  other  ice- flow  directional  indicators.  The  profiles  were  then 
extrapolated  to  the  summit  less  than  2 km  away.  Using  these  as  a 
basis  for  contouring,  the  topographic  configuration  of  the  former  ice 
cap  was  obtained  (fig.  21.  IX  At  its  maximum  advance,  the  glacier 
measured  about  1 0. 5 km  in  diameter,  had  an  area  of  70. 5 km2,  and 
averaged  about  75  m thick.  Its  volume  is  estimated  to  have  been 
close  to  5 km3.  The  glacier  margin  was  irregular,  especially  along 
the  rift  rones,  where  high-standing  cinder  cones  caused  divergence  of 
ice  flow.  Tongues  of  ice  flowing  down  the  deepest  gulches  extended  as 
low  as  3,160  m.  while  broad  lobes  occupied  the  slopes  between  rift 
zones.  Although  the  ice  cap  was  broadly  symmetrical  about  the 
summit  region,  its  margin  averaged  somewhat  higher  in  the  northwest 
and  northeast  quadrants  (3,570  m and  3,510  m,  respectively)  than 
in  the  southwest  and  southeast  quadrants  (3,465  m and  3,420  m, 
respectively X implying  a southerly  or  southeasterly  source  of 
moisture  (Porter,  l979bX 

The  early  Makanaka  ice  cap  apparently  was  only  slightly 
larger  than  the  younger  ice  cap,  for  in  those  places  where  the  older 
drift  limit  can  be  mapped  or  inferred  from  stratigraphic  data  it  lies 
no  more  than  100-200  m downslope  from  the  late  Makanaka  limit. 
However,  because  early  Makanaka  moraines  were  not  positively 
identified  through  some  sectors  on  the  eastern  slope  of  the  mountain 
(hg.  21 . IX  the  exact  shape  of  the  glacier  is  not  known.  Although  it 
probably  was  broadly  similar  to  the  late  Makanaka  ice  cap,  in  detail 
it  must  have  differed;  during  the  period  between  the  two  advances, 
lava  flows  and  cinder  cones  were  erupted  in  the  summit  area,  thereby 
causing  local  reorientation  of  glacier  flow  lines.  During  the  earlier  ice 
advance,  the  bedrock  surface  beneath  the  glacier  must  have  been,  on 
average,  at  least  several  tens  of  meters  lower  than  during  the  later 
glacial  ion. 

Less  is  known  about  the  still-older  Waihu  ice  cap,  for  few 
deposits  or  erosional  features  are  exposed.  In  the  southwestern 
quadrant  of  the  mountain,  the  Waihu  glacier  deposited  a belt  of 
moraines  that  lie  about  1 .5  km  beyond  the  Makanaka  moraines  and 
close  to  3,000-m  elevation  (fig.  2I.3X  Assuming  a symmetrical 
distribution  of  ice  about  the  summit,  the  glacier  covered  an  estimated 
area  of  1 40  lun2.  The  estimated  minimum  ice  thickness  in  the  summit 
region  was  at  least  150  m,  based  on  analogy  with  the  better- 
constrained  late  Makanaka  glacier.  The  average  diameter  of  the  ice 
cap  was  between  12  and  13  lun.  Assuming  an  average  thickness  of 
100  m.  the  total  ice  volume  would  have  been  close  to  14  km3. 
Because  no  large  pyroclastic  cones  had  yet  been  built  near  the 
summit,  few,  if  any,  nunataks  rose  above  the  glacier  surface  dunng 
the  initial  part  of  this  glaciation.  The  glacier  terminus  apparently 
was  less  irregular  than  that  of  subsequent  ice  caps,  probably  because 
deep  gukhes  had  not  yet  been  eroded  into  the  flanks  of  the  mountain 
and  there  were  no  prominent  cinder  cones  that  would  have  produced 
a lobate  margin.  Ice  flow,  inferred  from  preserved  striations  and 
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from  till  fabrics,  was  approximately  radial  from  the  summit  region. 

Pohakuloa  drift  is  seen  only  in  several  gulches  on  the  southwest 
slope  of  the  volcano,  where  the  thickest  exposures  lie  beneath  early 
Waikahalulu  lavas  under  the  Waihu  moraine  belt.  Accordingly,  the 
Pohakuloa  glacier  is  inferred  to  have  been  comparable  in  size  to  the 
Waihu  ice  cap,  again  assuming  that  it  was  symmetrically  distributed 
about  the  summit  region.  On  this  basis,  its  areal  extent  was  probably 

130-150  km2. 

SUBGLACIAL  ERUPTIONS 

A distinctive  assemblage  of  volcanic  units  found  within  the 
mapped  limits  of  glaciation  on  Mauna  Kra  is  unique  in  the  Hawaiian 
Islands.  It  includes  both  lava  flows  and  pyroclastic  cones,  built 
during  the  interval  of  alkalic  eruptive  activity,  as  well  as  associated 
fluvial  sediments  that  have  no  known  counterpart  on  other  Hawaiian 
volcanoes.  Detailed  mapping  has  shown  that  these  rocks  are  coeval 
with  the  Waihu  and  Makanaka  Glacial  Members,  rather  than  with 
Waikahalulu  volcanic  rocks  erupted  during  nonglacial  intervals. 
Their  stratigraphic  association,  distinctive  morphology,  and  sim- 
ilarity to  subglacially  erupted  volcanic  assemblages  in  other  parts  of 
the  world  imply  that  they  were  emplaced  during  Pleistocene  glacial 
episodes  on  Mauna  Kea. 

WAIHU  GLACIATION 

PYROCLASTIC  CONES 

Nearly  two  dozen  pyroclastic  cones  and  cone  complexes  lie 
inside  the  limit  of  the  last  ice  cap  in  the  summit  region.  Most  are 
older  than  late  Makanaka  drift,  as  shown  by  their  glacially  eroded 
and  oversteepened  flanks,  by  erratic  blocks  strewn  about  their 
flanks,  or  by  drift  filling  their  craters.  Most  also  are  composed  of 
dark-grayish  or  dark-reddish  cinders,  vitric  ash,  and  bombs,  as  are 
the  numerous  cinder  cones  that  lie  below  the  limit  of  glaciation  on  the 
mountain. 

Two  cones  near  the  summit,  however,  have  surface  mor- 
phologies and  internal  characteristics  that  are  distinctly  different 
from  those  of  nearby  cones.  Ptiu  Waiau  has  been  largely  buried  by 
lavas  on  all  but  its  southern  flank,  while  Rju  Poliahu  is  partly 
covered  by  younger  lavas  on  its  north,  east,  and  southeast  sides  (fig. 
21.3}  Puu  Waiau  has  a single  crater,  which  contains  Lake  Waiau 
(3.968  m;  fig.  21.4}  whereas  Ptiu  Poliahu  has  two  juxtaposed 
craters  lying  along  an  east -west  axis.  The  slopes  of  nonglaciated 
cinder  cones  on  Mauna  Kea  have  angles  of  as  great  as  26°,  the 
typical  repose  angle  of  the  cinders  (Porter,  1972}  but  the  glacially 
eroded  flanks  of  Puu  Waiau  and  F\iu  Poliahu  reach  angles  as  great 
as  36°  (fig.  21.5} 

The  uppermost  25-35  m of  each  of  these  two  cones  consists  of 
typical  subaerially  erupted  dark-gray  cinders  and  ash  containing 
numerous  spindle  bombs.  Below  this,  however,  the  tephra  changes 
character  rather  abruptly  into  a light-yellowish-brown  or  varicolored 
hyalodastite  tuff  consisting  of  waxy,  vitric  particles  as  much  as  2 cm 
in  diameter  and  having  concoidally  fractured  surfaces.  The  <2 -mm 
size  fraction  averages  55  percent  sand.  35  percent  silt,  and  10 
percent  clay.  This  well-bedded  tuff  dips  l8°-20°  in  Puu  Waiau  and 


20°-26°  in  Puu  Poliahu  (fig.  21.6}  Bombs  scattered  throughout 
the  tuff  in  Puu  Waiau  average  about  50  cm  in  diameter,  but  some 
have  diameters  as  great  as  3 m;  such  bombs  are  less  plentiful  in 
exposed  parts  of  Puu  Poliahu.  Some  bombs  have  glassy  surfaces, 
and  some  are  palagonitized.  Being  less  erodible  than  the  enclosing 
tuff,  bombs  often  remain  as  caps  on  pillars  of  tuff  up  to  2 m high. 


FIGURE  21.4- — Summit  region  of  Mauna  Kea  thawing  Puu  Waiau  (foreground) 
overlapped  by  tleep  Ke-conlaet  margin  of  Puu  Hau  Kea  flow  nung  above  Lake 
Waiau.  Behind  Puu  Hau  Kea  (right,  middle  distance)  rite*  Puu  Wekiu.  Atnrif 
the  roadcut  along  which  hydrothermal  after  at  too  u exposed  Upper  part  of  flow 
north  of  Puu  Poliahu  u visible  lo  left  of  Puu  Weluu.  Photograph  by  Again  T. 
Abbott.  Reprinted,  by  pernusuon  of  University  at  Hawaii  Presi,  from  Volcanoes 
in  the  Sea:  The  Geology  of  H auxin,  second  edition,  by  Gordon  A.  Macdonald, 
Again  T.  Abbott,  and  Frank  L.  fVtenon. 


Figure  21.5.  — Puu  Pohahu  ming  above  surface  at  ftiu  Hau  Kea  flow;  view 
looking  north.  Glacially  oversteepened  dope  at  cone  facing  camera  has  angle  of 

36*. 
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LAVA  FLOWS 

Distinctive  Kawaiite  lava  Aows  adjacent  to  F\iu  Waiau  and  F\iu 
Poliahu  are  believed  to  represent  later  phases  of  the  eruptions  that 
built  the  cones  (fig.  21.3),  However,  the  stratigraphic  relationships 
at  the  head  of  each  flow  are  obscured  by  overlapping  younger  lavas 
and  by  colluvium.  Their  alkalic  composition  and  their  position 
beneath  younger  lavas  that  are  coeval  with  Makanaka  glaciation 
indicate  that  these  flows  are  broadly  post-Pohakuloa  and  pre- 
Makanaka  in  age  (Porter,  1979a) 

The  front  margin  of  the  flow  southwest  of  Puu  Poliahu  is 
marked  by  a steep  cliff,  locally  up  to  80  m high.  In  places  it  is  deeply 
embayed,  in  contrast  to  the  lobate  fronts  of  most  hawante  flows. 
Where  erosion  has  been  slight,  the  flow  margin  has  a glassy  zone 
near  its  surface  and  is  locally  palagonitized.  A similar  flow  lying 
south  and  east  of  Puu  Waiau  has  similar  characteristics.  Associated 
with  this  latter  flow,  especially  along  its  abrupt  front  that  rises  in  a 
cliff  1 5-25  m high  (fig.  21 .7)  are  many  prehistoric  lithic  workshops 
where  early  Hawaiians  mined  the  stone  for  making  adzes.  The  flow, 
which  is  very  fine  grained  and  hard,  fractures  into  slabs  appropriate 
for  such  artifacts  and  apparently  was  ideal  for  stone  working.  Its 
glassy  groundmass  contains  randomly  oriented  microlites  of  pla- 
gioclase,  rather  than  fully  developed  crystals,  making  the  rock 
tougher  than  other  flows  and  therefore  easier  to  shape.  Although  the 
flow  is  remote  and  lies  at  a high  elevation,  the  large  number  of  adze 
quarries  on  this  unit  implies  that  the  Hawaiians  found  its  attributes  to 
be  uniquely  valuable. 

The  high,  steep  margins  of  the  F\iu  Waiau  and  Ptiu  Poliahu 
flows  are  unlike  those  of  most  other  hawaiite  lavas  on  the  mountain, 
which  tend  to  be  both  lower  and  lobate.  Elsewhere  on  the  island  (for 
ocample,  Kohala  volcano,  Puu  Waawaa)  steep  flow  fronts  occur  in 
viscous  lavas  and  on  associated  domes  that  consist  of  more  alkalic 
rocks  (mugearite,  benmoreite,  trachyte),  but  such  flows  lack 
embayed  margins,  glassy  surfaces,  and  palagonite. 


CONGLOMERATE 

A bouldery  conglomerate  on  the  south  flank  of  Maun  a Kea  is 
traceable  from  the  belt  of  Waihu  end  moraines  to  the  base  of  the 
mountain  in  the  Mauna  Kea-Mauna  Loa  saddle.  Steams  (1945) 
who  described  its  occurrence  and  character,  referred  to  it  as  the 
“Waihu  f agglomerate"  and  attributed  it  to  possible  floods  caused  by 
eruptions  that  melted  an  ice  cap.  The  deposit  consists  of  bouldery 
gravel,  so  indurated  that  clasts  are  difficult  to  dislodge  with  a 
hammer  (fig.  21.8)  Where  buried  by  lavas,  the  deposit  is  less 
indurated  and  resembles  outwash  gravels  of  Makanaka  age.  Its 
stratigraphic  position  is  demonstrable  in  deep  gulches  on  the  south 
flank  of  the  mountain,  where  it  lies  above  Pohakuloa  drift  and  early 
Waikahalulu  lavas  but  below  late  Waikahalulu  lavas  and  the  lower 
drift  of  the  Makanaka  Glacial  Member.  Where  exposed  at  the 


FIGURE  21.7.  — Ice-contact  margin  of  Puu  Waiau  flow  at  Kranakako*  a<be  quarry 
(elevation  3.770  ra)  on  youth  dope  of  Mauna  Kea  Debris  from  prehtstonc 
quarrying  operations  litters  surface  below  and  above  sleep,  embayed  margin  of 
Sow. 
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surface,  boulders  of  the  conglomerate  are  oxidized  to  yellowish 
brown  and  have  weathering  rinds  1-2  mm  thick;  many  are  spalled, 
pitted,  or  fractured.  Where  it  meets  the  Waihu  moraine  belt  the 
deposit  has  a thickness  of  10-20  m,  but  it  thins  progressively 
downslope  and  is  seldom  more  than  I m thick  near  the  base  of  the 
mountain. 


INTERPRETATION 

The  assemblage  of  volcanic  features  that  formed  at  the  time  of 
Waihu  glaciation  are  adequately  explained  by  attributing  them  to 
subglacial  eruptions.  The  thick  pile  of  hyaloclastite  forming  the  bulk 
of  Riu  Waiau  and  Puu  Poliahu  imply  eruption  under  water.  The 
cones  stand  1 00- 1 70  m above  the  surrounding  terrain  at  the  crest  of 
the  mountain,  and  therefore  the  topography  offers  no  means  of 
ponding  a body  of  water.  In  addition,  the  volcanic  rocks  that 
comprise  the  summit  region  are  porous.  If  magma  reached  the 
surface  beneath  a summit  ice  cap.  however,  melting  of  ice  above  the 
vent  would  likely  have  generated  a meltwater  lake  in  which  the 
bedded  hyaloclastite  could  have  accumulated.  Hie  observed  thick- 
ness of  eruptive  products  (about  170  m)  is  consistent  with  the 
reconstructed  thickness  of  an  ice  cap  over  the  summit  having  the  areal 
extent  indicated  by  the  Waihu  drift  limit.  When  the  accumulating 
hyaloclastite  deposit  reached  the  level  of  the  lake  surface  and  kept 
water  from  reaching  the  vent,  subaerial  eruptive  activity  would  have 
commenced  and  produced  cinders  and  bombs  like  those  seen 
capping  the  hyaloclastite  in  both  cones.  The  explosive  character  of 
the  early  phases  of  activity  that  produced  Puu  Waiau  is  suggested  by 
the  large  number  of  spindle-shaped  bombs  that  are  interbedded  with 
the  hyaloclastite;  evidently  pieces  of  fluid  lava  were  ejected  above  the 
surface  of  the  postulated  lake,  acquired  their  distinctive  aerodynamic 
shapes  as  they  fell  back  to  the  surface,  and  settled  through  the  water 
onto  the  accumulating  pyroclastic  pile. 

Similar  subglacially  erupted  volcanic  units  in  Iceland  have  been 
described  by  Jones  (I970X  who  inferred  deposition  of  a basal  pillow 
sequence  in  meltwater  lakes  as  deep  as  500  m.  A change  to 
ocplosive  volcanism  occurred  as  the  water  depth  over  the  accumulat- 
ing volcanic  pile  decreased  to  less  than  200  m.  Hyaloclastite  tuff, 
characteristic  of  basaltic  eruptions  from  vents  in  shallow  water,  then 
piled  up  above  the  pillow  lavas  as  water  interacted  with  lava  rising 
rapidly  through  the  conduit.  In  neither  of  the  Mauna  Kea  cones  are 
the  lowermost  eruptive  products  exposed,  so  the  presence  or  absence 
of  basal  pillow  lavas  cannot  be  confirmed.  However,  the  inferred 
water  depth  of  less  than  200  m suggests  that  the  lower  parts  of  the 
cones  consist  mostly  or  entirely  of  hyaloclastite. 

As  explosive  activity  waned,  lava  that  was  erupted  from  the 
Puu  Poliahu  and  Puu  Waiau  vents  is  inferred  to  have  flowed 
downslope,  melting  the  glacier  in  the  process.  The  unusual  thickness 
and  steep  embayed  fronts  of  the  flows,  their  abundant  pillow 
structures,  the  fine  grain  size  and  glassy  margins  of  the  dense  flow 
rock,  and  the  presence  of  zones  of  palagomte  are  all  consistent  with 
such  an  interpretation. 

The  oact  number  and  sequence  of  eruptive  events  remains 
uncertain,  largely  because  the  flows  and  cones  have  been  partly 
buried  by  younger  volcanic  units  and  partly  eroded  during  subse- 
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quent  glaciations.  Puu  Waiau  appears  to  be  a simple  cone  with  a 
crater  at  its  apex;  however,  its  north  side  is  not  exposed.  Related  to  it 
is  a single  lava  flow  that  lies  along  its  east  and  southeast  sides.  The 
source  area  for  the  flow  is  not  evident,  but  it  may  lie  near  the  highest 
exposed  part  of  the  flow.  The  source  could  also  be  buried  beneath 
younger  lava  on  the  north  or  northeast  side  of  the  cone,  in  which  case 
the  lava  would  have  issued  from  the  upslope  side  of  the  cone  and 
flowed  downslope  around  its  eastern  side. 

Ptiu  Poliahu,  by  contrast,  is  a complex  cone  consisting  of  two 
adjacent  craters.  The  two  vents  may  have  given  rise  to  separate  lava 
flows  that  coalesced  downslope,  as  suggested  by  the  dashed  lines  in 
figure  21.3,  or  possibly  only  one  of  the  vents  produced  a flow. 
Alternatively,  lava  may  have  emerged  from  a vent  unrelated  to  the 
hyaloclastite  eruption,  but  in  the  same  general  area.  Possible  source 
areas  are  now  covered  by  younger  lavas  that  surround  Puu  Poliahu 
on  all  but  the  southwestern  side. 

The  map  pattern  south  of  F\iu  Waiau  suggests  that  the  Poliahu 
flow  may  overlap  the  margin  of  the  Waiau  flow  (fig.  2 1 . 3X  but  the 
field  relations  are  not  diagnostic.  In  any  event,  the  period  of  time 
separating  the  eruptions  is  not  known. 

The  subglacial  eruptions  would  have  melted  a substantial  body 
of  ice  from  the  glacier.  The  minimum  areas  covered  by  PUu  Poliahu 
and  Puu  Waiau  and  their  associated  flows  are  4 km2  and  2.8  lun2, 
respectively.  Assuming  a mean  ice  thickness  of  1 50  m for  areas  of  the 
glacier  directly  affected  by  the  eruptions,  the  volume  of  ice  melted 
amounted  to  at  least  I km3,  or  about  7 percent  of  the  estimated 
volume  of  the  entire  ice  cap.  Some  of  the  water  would  have  interacted 
explosively  with  the  erupting  magma  and  escaped  as  steam,  but  the 
bulk  is  likely  to  have  been  ponded  in  one  or  more  lakes  within  the  ice 
cap,  from  which  it  would  eventually  have  drained  downslope  either 
slowly  or  catastrophically.  The  fluvial  conglomerate  facies  of  the 
Waihu  Glacial  Member  (the  “Waihu  fanglomcratc”  of  Steams, 
1945)  is  exposed  downslope  from  PUu  Poliahu  and  Puu  Waiau  (fig. 
2I.3X  principally  along  primary  drainage  routes  that  would  have 
channeled  meltwater  from  the  summit  region.  The  bulk  of  the  coarse 
conglomeratic  outwash  facies  is  likely  to  have  been  deposited  by 
floods  resulting  from  sudden  dumping  of  glacially  impounded  lakes 
that  contained  nearly  1 lun3  of  meltwater,  a mechanism  consistent 
with  Steams’  hypothesis  for  the  origin  of  the  conglomerate. 


EVIDENCE  OF  RENEWED  GLACIATION 

Two  lines  of  evidence  suggest  that  the  Waihu  glacier  reformed 
following  the  Ptiu  Poliahu  eruption  and  advanced  across  the  Poliahu 
flow.  Fragments  of  glassy  flow  margin  and  palagomtized  hawaiite 
lava  have  been  found  in  the  Waihu  end  moraine  system.  A tongue  of 
the  Poliahu  flow  that  emerges  from  beneath  the  Makanaka  moraine 
belt  and  retains  remnants  of  glacially  chilled  margins  is  a possible 
source  of  these  fragments.  The  flow  tongue  apparently  reached  or 
nearly  reached  the  glacier  margin  at  the  3,200-m  level.  Glacial 
striations  on  the  top  surface  of  the  flow  (fig.  21.3)  indicate  that  the 
glacier  must  have  readvanced  across  the  cooled  lava  tongue,  abrad 
ing  its  surface  and  eroding  fragments  of  the  chilled  margin.  Because 
the  striated  flow  surface  lies  well  beyond  the  limit  reached  by 
Makanaka  ice  advances,  the  readvancc  must  have  occurred  either 
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shortly  after  the  eruptions,  as  the  melted  part  of  the  ice  cap 
reformed,  or  during  a subsequent  stadial  advance.  In  either  case  the 
glacier  must  have  achieved  nearly  the  same  size  it  had  at  the  time  of 
the  Poliahu  eruption. 

MAKANAKA  GLACIATION 

LAVA  FLOWS 

Four  additional  lava  flows  that  originated  at  vents  near  the 
summit  possess  features  indicating  that  they  also  were  erupted  while 
glacier  ice  mantled  the  upper  slopes  of  Mauna  Kea.  These  flows  lie 
stratigraphically  above  the  Waihu-age  eruptive  units  and  the  lavas 
that  were  octruded  before  the  Makanaka  glaciation,  but  they  are 
stratigraphically  lower  than  post -Makanaka  flows  and  pyroclastic 
cones  on  the  upper  south  flank  of  the  mountain.  Accordingly,  these 
lavas  must  have  been  erupted  sometime  during  the  Makanaka 
glaciation. 

The  flows  are  associated  with  an  arcuate  cluster  of  pyroclastic 
cones  from  which  they  radiate  in  a nearly  symmetrical  pattern  (fig. 

2 1 .9X  Like  the  two  older  intraglacial  lava  flows,  they  possess  locally 
steep  and  abrupt  margins  that  rise  as  much  as  30  m above 
surrounding  rock  surfaces  (fig.  21.4)  and  that  in  places  are  strongly 
embayed.  The  marginal  scarps  are  lowest  on  flows  erupted  along  the 
topographically  prominent  rift  zones,  and  highest  on  thicker  flows 
that  moved  down  slopes  between  rift  zones.  If  the  eruptions  were 
contemporaneous,  these  relations  imply  that  ice  was  relatively  thin 
along  the  rift  zones  and  thicker  in  the  broad  regions  between,  an 
interpretation  consistent  with  reconstructed  isopachs  for  the  tale 
Makanaka  glacier  (Porter,  1979b). 

Each  flow  has  been  glacially  abraded  and  quarried  since  it 
formed,  but  substantial  sectors  of  the  flow  margins  are  relatively 
intact.  The  flow  north  of  Puu  Poliahu,  which  originates  near  a cone 
(“McCrae  Cone”  in  earlier  reports)  just  west  of  Puu  Hauoki. 
displays  a typical  array  of  distinctive  features  along  its  southern 
margin  that  point  to  an  ice-contact  origin.  Here  the  flow  margin 
forms  a steep  scarp  3-10  m high  marked  by  numerous  pillows  as 
much  as  3 m in  diameter  (figs.  21.10  and  21.11).  The  pillows 
display  radial  jointing,  have  knobby  surfaces  that  are  often  glassy  to 
depths  as  great  as  5 mm,  and  are  locally  palagonitized.  Where 
pillows  are  lacking,  flow  margins  frequently  are  marked  by  pal- 
agonitized vitric  breccias. 

Spiracles  are  also  visible  along  the  margins  of  some  flows. 
Those  developed  in  the  flow  north  of  Puu  Poliahu  rise  as  high  as  2 m 
above  the  flow  base,  where  they  arc  as  much  as  60  cm  wide  (fig. 
21.12).  The  longer  ones  tend  to  narrow  upward  and  to  bend  in  the 
downflow  direction,  implying  that  the  flow  was  mobile  during  their 
formation. 

PYROCLASTIC  CONES 

Pyroclastic  cones  associated  with  the  four  intra- Makanaka 
lava  flows  displaying  ice-contact  features  resemble  typical  cinder 
cones  on  tbe  upper  slopes  of  Mauna  Kea  (fig.  21.4).  Ilieir  flanks 
have  been  steepened  by  glacial  erosion,  but  their  surfaces  are  | 


mantled  with  colluvium  consisting  of  loose  cinders  and  bombs. 
Hyalodastite  tuff  like  that  composing  the  Waihu-age  cones  is  not 
visible.  However,  seismic  surveys  of  Puu  Wekiu  (“Summit  Cone"  in 
earlier  reports)  conducted  before  construction  of  the  large  astronomi- 
cal observatory  there  provide  important  evidence  of  the  internal 
structure  of  the  cone. 

Furomoto  and  Adams  (1968)  identified  three  zones  within  Puu 
Wekiu  characterized  by  different  seismic  velocities  (fig.  21 . 1 3X  The 
uppermost,  having  a velocity  of  0.49  krn/s,  was  interpreted  as  a 
layer  of  loose  colluvial  cinders  on  the  flank  of  the  cone.  A second 
zone,  having  a velocity  of  0.76  km/s,  underlies  most  of  the  surface  of 
the  cone  to  a depth  of  as  much  as  1 50  m.  Tlie  deepest  zone,  with  a 
velocity  of  1.83  km/s,  forms  the  core  of  the  cone.  Its  measured 
velocity  is  well  below  that  of  weathered  basalt  (2.74  km/s)  and  it 
must  therefore  be  formed  of  a less  rigid  material.  Furomoto  and 
Adams  inferred  that  this  zone  probably  consisted  of  "scoriae 
compressed  by  the  overburden,"  but  the  proposed  subglacial  origin 
of  the  eruption  makes  it  more  likely  that  the  seismic  properties  of  tbe 
deepest  zone  indicate  a hyalodastite  core,  which  is  likely  to  have  a 
rigidity  intermediate  between  those  of  weathered  basalt  and  consoli- 
dated cinders.  If  this  interpretation  is  correct,  then  the  hyalodastite 
extends  to  an  elevation  of  about  4,040  m within  the  cone,  a level  that 
is  consistent  with  the  thickness  of  the  glacier  at  the  time  of  the 
eruption,  based  on  the  height  of  the  ice-contact  flow  margins 
down  slope. 

Exposures  along  the  summit  access  road,  which  has  been 
excavated  several  meters  into  the  southwest  flank  of  Puu  Wekiu  (fig. 
21 .4X  display  evidence  of  extensive  hydrothermal  alteration  beneath 
the  surface  (fig.  2 1 . 1 4X  The  altered  clay-rich  zone  also  is  enriched  in 
phyllosiiicates  and  has  a redder  color  than  pedogemc  profiles  of 
typical  cinder  cones  outside  the  glacial  limit  (Ugolini,  I974X  Those 
profiles  generally  extend  no  deeper  than  about  1 5 cm.  The  deep  and 
extensive  subsurface  reddish  zone  of  alteration  therefore  cannot  be 
attributed  to  normal  soil-forming  processes.  It  is  instead  interpreted 
as  having  resulted  from  the  upward  movement  of  hot  solutions  into 
the  cinder-  and  bomb- rich  superstructure  of  the  cone  during  tbe 
waning  phase  of  the  subglacial  eruption.  The  presence  of  alteration 
products  in  the  upper  part  of  the  cone  may  explain  the  greater 
seismic  velocity  there  than  in  thm  surficial  layer  of  unconsolidated 
cinders  mantling  the  outer  slope. 

OUTWASH  DEPOSITS 

Unlike  the  Waihu  conglomerate,  which  forms  a broad  sheet 
across  the  southwestern  side  of  the  mountain  below  the  moraine  belt, 
out  wash  related  to  the  Makanaka  ice  advances  is  confined  mainly  to 
gulches  that  indent  the  mountain  side  and  to  fans  at  the  south  base  of 
the  volcano.  If  floods  were  generated  by  the  Makanaka  subglacial 
eruptions,  they  apparently  were  confined  to  the  preexisting  drainage 
channels  and  were  of  smaller  magnitude  than  those  of  Waihu  tune.  In 
contrast  to  the  postulated  Waihu  floods,  which  appear  to  have  been 
concentrated  on  the  southwest  side  of  the  volcano,  meltwater  flows 
during  Makanaka  eruptions  were  more  dispersed,  having  been 
directed  primarily  down  gulches  that  descend  the  mountain  flanks 
beyond  the  lava  longues  (fig.  2I.9X 
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FlCURF.  21.10.  — Ice -contact  margin  of  flow  exposed  along  north  side  of  Puu 
PoUahu  (off  ptcture  to  right)  The  steep  margin  (10-15  m high)  is  marked  by 
pillow  structures  with  radial  jointing,  palagorutired  rones,  and  well  developed 
spiracles  that  rise  into  the  flow  from  its  base. 


FIGURE  21.11.  — Pillow  structure  al  margin  of  flow  north  of  Puu  Polsahu.  The 
pillow  is  about  I m m diameter  and  marked  by  glassy  margin,  palagonite.  and 
radial  jointing 


DISTANCE.  IN  METERS 

Figure  21.13.  — Map  and  structure  section  of  Puu  Weluu  showing  seismic  velocity 
zones  defined  by  Furomoto  and  Adams  (19681  Zone  of  highest  velocity  (1 .83  km 
s)  is  inferred  to  represent  a core  of  hyalodastite  that  is  mantled  by  hydrothermaiK 
altered  cinders  forming  a rone  of  lower  velocity  (0.76  km's}  A surhcial  layer  of 
unconsolidated  colluvium  on  the  southwest  slope  forms  a zone  of  stall  lower  velocity 

(0.49  km/sX 


Figure  21.12. — Spiracles  exposed  at  lateral  margin  of  flow  along  north  side  of  FIGURE  21 . 14. — HydrothermaHy  altered  pyroclastic  deposits  exposed  along  access 

l*Uu  Pnliahu  Intenor  surfaces  are  glassy.  Spiracles  are  bent  toward  left,  in  road  on  south  slope  of  F\iu  Weluu  (see  hg.  21 .4X  Reddish  rock  is  enriched  m clay 
direction  lava  flawed.  and  phv  Hostile  at  es 
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STRATIGRAPHIC  RELATIONS 

Stratigraphic  relations  and  glacial  features  in  the  summit  region 
provide  constraints  on  the  age  of  the  subglacial  eruptions.  An 
unglaciated  tongue  of  the  flow  north  of  Puu  Poliahu  emerges  from 
beneath  the  late  Makanaka  end  moraine  near  the  head  of  Kemolc 
Gulch  (fig.  21 .9)  and  overlies  drift  of  the  early  Makanaka  advance. 
These  relationships  imply  that  the  flow  postdates  the  early 
Makanaka  maximum  and  antedates  the  late  Makanaka  maximum. 
Fragments  of  the  chilled  flow  margins  can  be  found  in  the  late 
Makanaka  end  moraines,  and  the  slopes  of  cones  associated  with  the 
intra- Makanaka  lavas  have  been  glacially  eroded  and  over- 
steepened.  The  slight  erosional  modification  of  the  flows,  in  com- 
parison to  the  erosion  of  the  Waihu-age  lavas,  suggests  only  a single 
overriding  advance,  rather  than  two.  These  relationships  imply  that 
the  eruptions  date  to  an  interval  between  the  glacial  maxima,  when 
the  ice  cap  was  present  but  in  a somewhat  contracted  state.  The  ice- 
contact  flow  margins  can  be  followed  downslope  nearly  to  the  late 
Makanaka  moraine  belt  (fig.  2I.I5X  but  they  generally  are  lower 
than  the  Waihu  flow  margins  and  so  imply  thinner  ice;  the  size  of  the 
postulated  hyaloclastite  core  of  Puu  Wekiu  also  points  to  thinner  ice 


than  during  the  late  Makanaka  glacial  maximum.  Because  the  atent 
and  height  of  the  several  flow  margins  are  similar,  the  geometry  of  the 
ice  cap  apparently  was  nearly  the  same  during  each  eruptive  event. 
The  eruptions,  therefore,  may  have  been  synchronous  or  nearly  so. 

CHRONOLOGY  OF  GLACIATIONS  AND 
SUBGLACIAL  ERUPTIONS 

The  timing  of  the  Hawaiian  glaciations  is  constrained  by  K-Ar 
ages  of  lava  flows  and  radiocarbon  ages  of  organic  matter  related 
stratigraphically  to  the  glacial  and  interglacial  units  (Porter,  I979a)i 
Iliese  ages  show  that  the  Pohakuloa  glaciation  occurred  after,  but 
probably  not  long  after,  a flow  dated  at  278. 5 ±68. 5 ka.  Thus  this 
earliest  glaciation  is  very  likely  correlative  with  marine  oxygen- 
isotope  stage  8,  which  culminated  between  about  276  ka  and  247  ka 
(Hays  and  others,  I976X  K-Ar  ages  of  samples  of  the  F^u  Waiau 
and  Puu  Poliahu  flows,  and  of  a bomb  collected  from  the  top  of  Puu 
Waiau,  cluster  between  170  ka  and  175  ka  (17l.9±2.8, 
174  ±37.4,  and  1 74.4  ±26. 5 ka),  implying  correlation  of  the 
Waihu  glaciation  with  marine  isotope  stage  6 (190-127  ka;  fig. 
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Figure  21.15.  — Diagrammatic  rectum  showing  stratigraphic  relations  and  radiometnc  ages  for  glacial  and  volcanic  units  on  upper  slopes  of  Mauna  Kea. 
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21.16).  The  early  Makanaka  glaciation  occurred  after  69.6 ±2.6 
ka  (K-Ar  age)  and  before  37.2 ± 1.4  ka  (l4C  ageX  making  it  a 
probable  correlative  of  isotope  stage  4 (73-61  kaX  The  late 
Makanaka  advance  culminated  sometime  between  29.75  ±0.5  (or 
possibly  22. 15  ±0.25)  ka  and  9.08 ±0.2  ka  (,4C  agesX  indicating 
equivalence  to  isotope  stage  2 (29-10  kaX 

A lava  sample  collected  from  the  ice-contact  margin  of  the  flow 
north  of  Puu  Poliahu  has  a K-Ar  age  of  41 .3 ± 8.3  ka.  This  would 
place  it  within  isotope  stage  3 (61-29  ka;  fig.  21. 16X  However,  the 
downs  lope  extent  of  the  ice-contact  flow  margins  implies  a large  ice 
cap  at  the  time  of  the  eruptions;  the  subglacial  eruptions  may 
therefore  have  occurred  either  late  in  isotope  stage  4 or  early  in  stage 
2,  when  the  ice  cover  probably  was  more  extensive.  Calculations 
suggest  that  the  snowline  must  be  lowered  at  least  400  m before  a I 
glacier  can  begin  to  form  at  the  summit  of  Mauna  Kea  (Porter, 
l979bX  and  the  extent  of  the  intTa-Makanaka  ice-contact  flows 
indicates  snowline  depression  nearly  as  great  then  as  during  the  late 
Makanaka  maximum.  It  is  therefore  less  likely  that  the  eruptions 
occurred  during  isotope  stage  3,  which  was  an  interstade  marked  by 
reduced  global  ice  volume  and  general  glacier  recession  (see.  for 
example,  Nilsson,  I983X  than  during  either  stage  4 or  stage  2. 
These  correlations  are  based  on  a single  K-Ar  age;  dating  other 

OXYGEN-  a '*0.  IN  PARTS 

ISOTOPE  PER  THOUSANO 


FIGURE  21.16. — Oxygen  isotopic  variations  in  Pacific  deep-sea  com  V28-238 
and  V28-239  (Shackieton  and  Opdyke.  1976),  showing  isotope  Rages  1-8; 
inferred  correlation  with  Mauna  Kea  glaciations;  and  K-Ar  ages  (dotsX  with  error 
range  of  one  standard  deviation  (bank  of  products  of  wbgiactal  eruptive  activity. 


tntra- Makanaka  subglacially  erupted  flow  units  on  Mauna  Kea 
could  help  to  resolve  the  present  uncertainty. 

Inasmuch  as  there  is  evidence  for  summit  eruptions  during  the 
Waihu  and  Makanaka  glaciations,  might  there  also  have  been  such 
activity  during  the  Pohakuloa  glaciation?  Because  the  recurrence 
interval  of  eruptions  is  shorter  during  the  tholeiitic  shield -building 
phase,  it  seems  unlikely  that  an  ice  cap  as  large  as  that  of  Pohakuloa 
time  (130-150  km2)  could  have  existed  for  thousands  of  years 
without  at  least  some  eruptions  occurring  subglacially.  The  exposed 
Pohakuloa  deposits  provide  no  firm  evidence  of  such  activity,  but  the 
abundance  of  Pohakuloa  meltwater  sediments  exposed  in 
Waikahalulu  and  Pohakuloa  gulches  and  their  coarseness  and  poor 
sorting  suggest  that  they  may  be  related  to  subglacial  eruptions  that 
generated  floods  like  those  of  Waihu  time.  Although  the  very  limited 
outcrops  of  Pohakuloa  drift  make  it  unlikely  that  definitive  evidence 
will  be  found,  such  eruptions  remain  a possibility. 
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VOLCANIC  HAZARDS  IN  THE  HAWAIIAN  ISLANDS 

By  Donal  R.  Mullineaux,  Donald  W.  Peterson,  and  Dwight  R.  Crandell 


ABSTRACT 

Volcanic  eruptions  have  built  the  Hawaiian  Islands,  and 
similar  eruptions  in  the  future  will  affect  many  areas  in  them, 
especially  on  Kilauea  and  Mauna  Loa  Volcanoes  on  the  Island 
of  Hawaii.  Some  of  those  eruptions  will  endanger  people  and 
property.  Hazards  that  result  directly  from  eruptions  include 
lava  flows,  tephra  falls,  volcanic  gases,  and  pyroclastic  surges. 
Less  direct  hazards  associated  with  eruptions  include  ground 
fractures  and  subsidence,  earthquakes,  and  tsunamis. 

The  Islands  of  Hawaii  and  Maui  have  been  subdivided  on 
maps,  for  some  kinds  of  hazards,  into  various  zones  of  differing 
magnitude  of  hazard.  These  hazard-zone  maps  can  be  used  for 
making  land-use  decisions  before  eruptions  occur  and  for 
responding  to  actual  or  threatened  eruptions.  Hazard-zone 
maps  for  earthquakes  and  tsunamis  are  not  included  in  this 
report;  however,  earthquakes  of  both  volcanic  and  nonvolcanic 
origin  can  affect  extensive  areas  in  the  islands,  and  tsunamis 
can  be  highly  damaging  in  narrow  coastal  zones. 

Because  most  volcanic  events  cannot  be  effectively  con- 
trolled, volcanic  hazards  are  best  avoided  by  land-use  planning 
before  eruptions  occur  and  by  evacuation  when  they  do  occur. 
Mitigation  measures  to  reduce  effects  from  lava  flows  can  be 
effective,  at  least  temporarily,  but  such  measures  are  generally 
more  effective  for  some  other  hazards  such  as  tephra  falls  and 
volcanic  gases. 

INTRODUCTION 

All  the  Hawaiian  Islands  have  been  built  by  vok&nic  eruptions 
over  a period  of  millions  of  years.  Similar  eruptions  have  continued 
into  historical  time  on  the  islands  of  Hawaii  and  Maui  and  undoubt- 
edly will  occur  in  the  future,  especially  on  Kilauea  and  Mauna  Loa 
Volcanoes.  Most  Hawaiian  eruptions  form  lava  flows  that  endanger 
chiefly  property;  explosive  eruptions  are  relatively  rare  but  are  more 
likely  to  threaten  people.  As  intensive  land  development  expands 
toward  areas  of  relatively  high  hazard,  the  threat  to  life  and  property 
will  increase  accordingly. 

This  report  discusses  the  characteristics,  frequency,  location, 
and  extent  of  various  hazardous  phenomena  typical  of  Hawaiian 
volcanoes,  assesses  the  likely  future  extent,  frequency,  and  relative 
seventy  of  these  phenomena,  and  shows  distribution  of  some  hazards 
on  hazard-zone  maps.  Although  they  have  distinct  limitations,  these 
maps  can  be  useful  for  planning  long-range  mitigation  of  volcanic 
hazards  and  for  organizing  short-term  response  to  eruptions. 

The  character  of  volcanic  eruptions  in  Hawaii  has  been 
described  at  length  in  many  previous  reports  (for  example,  Mac- 
donald and  Abbott,  1970;  Macdonald.  1972)  and  is  treated  at 
length  elsewhere  in  this  volume.  Brief  descriptions  of  volcanic 


activity  in  this  assessment  are  intended  to  emphasize  certain  charac- 
teristics that  can  help  the  public  and  pubbe  officials  to  understand 
volcanic  hazards  and  ways  of  mitigating  them.  Hazards  resulting 
from  eruptions  that  bring  rock  materials  to  or  above  the  ground 
surface  are  here  termed  direct  hazards.  Hazards  termed  indirect  are 
events  that  accompany  such  eruptions,  or  are  secondary  effects  of 
eruptions,  or  result  from  movement  of  magma  that  does  not  reach  the 
ground  surface. 

The  term  hazard  in  this  report  refers  either  to  a hazardous 
event  or  to  its  products;  examples  are  an  explosive  eruption  or  a lava 
flow.  The  term  risk  refers  to  the  likelihood  of  losses  to  people,  such 
as  the  loss  of  life,  homes,  or  productive  land.  Volcanic  hazards  in  the 
nearly  uninhabited  upper  part  of  the  east  rift  zone  of  Kilauea,  for 
example,  are  of  about  the  same  frequency  and  severity  as  those  in  the 
lower,  more  highly  populated  part  of  the  rift  zone.  Risk,  however,  is 
much  higher  in  the  lower  part  because  of  its  greater  population  and 
more  intensive  land  use.  The  potential  hazards  from  volcanic 
eruptions  in  the  islands  will  remain  about  the  same  in  the  foreseeable 
future,  but  increased  risk  from  those  eruptions  will  accompany 
growth  in  population  and  economic  development. 
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HAWAIIAN  VOLCANIC  ACTIVITY 

The  Hawaiian  Islands  (fig.  22. 1 ) lie  at  the  southeastern  end  of 
a largely  submerged  volcanic  chain  about  6,000  km  long,  which 
extends  from  the  Emperor  Seamounts  to  the  Island  of  Hawaii 
(Dalrymple  and  others,  1973).  This  chain  consists  of  volcanoes  that 
are  progressively  younger  toward  the  southeast;  Kilauea  and  Mauna 
Loa  Vokanoes  on  the  southeastern  part  of  the  Island  of  Hawaii  (fig. 
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FlCURL  22.1. — Index  map  of  the  Hawaiian  Islands,  showing  location  of  the 
Molokai  fracture  tone. 


22.2)  are  now  the  most  active  in  the  chain.  Another  volcano,  Loihi, 
is  growing  on  the  ocean  floor  off  the  southeast  coast  of  Hawaii 
(Moore  and  others,  1982;  6g.  22. 2\  though  it  probably  will  not 
rise  above  the  ocean  surface  for  many  thousands  of  years. 

Hawaiian  volcanoes  consist  largely  of  basaltic  lava  flows  that 
were  highly  fluid  and  traveled  as  much  as  tens  of  kilometers  from 
their  source  vents.  Their  cones  typically  are  broad  in  comparison  to 
their  height  and  are  called  shield  volcanoes.  During  their  growth, 
many  of  these  volcanoes  developed  elongate  systems  of  near-vertical 
fractures  along  zones  of  weakness  called  rifts  or  rift  zones,  which 
lead  from  the  volcano  centers  outward  through  their  flanks.  Magma 
moving  up  into  a volcano  rises  along  the  central  conduit,  and  much  is 
erupted  from  vents  at  the  summit,  but  some  magma  may  spread 
outward  into  the  rift  zones  and  be  erupted  there.  In  addition,  a few 
eruptions  occur  at  vents  on  the  volcanoes'  flanks  outside  the  rift 
zones. 

Hawaiian  volcanoes  typically  follow  an  evolutionary  pattern. 
In  an  early  stage,  during  which  the  main  shield  is  built,  eruptions  of 
highly  fluid  lava  are  frequent  and  voluminous;  Kilauea  and  Mauna 
Loa  on  the  Island  of  Hawaii  are  in  such  a stage  now.  Later, 
eruptions  become  less  frequent  but  commonly  are  more  explosive. 
Hualalai  and  Mauna  Kea  on  the  Island  of  Hawaii  are  now  in  this 
stage  and  probably  also  Haleakala  on  the  Island  of  Maui;  none  of 
these  volcanoes  can  be  regarded  as  extinct.  Sporadic  eruptions  can 
occur  on  Hawaiian  volcanoes  for  many  tens  of  thousands  of  years 
after  their  shield  building  stage  has  ended. 

Most  eruptions  that  build  the  volcanoes  are  not  explosive,  but 
activity  at  the  onset  of  an  eruption  often  is  vigorous  enough  to 
produce  fountains  of  molten  lava  that  reach  tens  to  hundreds  of 
meters  above  the  vent.  Large  lava  clots  fall  back  and  may  be 
included  in  spatter  ramparts  or  lava  flows,  but  small  particles  of 
molten  and  solidified  lava  from  the  fountains  are  earned  by  wind 
away  from  the  vent  area  and  fall  to  produce  deposits  of  tephra. 
Continued  and  less  vigorous  emission  of  lava  produces  lava  streams 
that  flow  away  from  the  vent.  Lava  that  flows  into  the  sea  can  be 


explosively  disrupted  by  steam,  producing  mounds  of  lava  fragments 
called  littoral  cooes  along  the  shore. 

Explosive  eruptions  arc  not  as  frequent  as  lava  flows,  but  they 
have  occurred  repeatedly  in  Hawaii  and  produce  a variety  of 
products.  Large  clots  of  lava  and  solid  rock  fragments  thrown  high 
into  the  air  by  explosions  fall  back  dose  to  the  vent  to  form  cinder 
cooes.  Finer  particles  are  carried  away  by  wind,  forming  ash 
deposits  that  can  be  as  much  as  a few  meters  thick  near  the  cone. 
Explosions  can  also  create  doudhke  mixtures  of  rock  fragments  and 
gases,  called  pyroclastic  surges,  which  typically  spread  from  vents 
outward  along  the  ground  surface  at  high  speed.  Ash-laden  clouds 
that  rise  above  pyroclastic  surges  can  also  be  carried  away  by  winds 
and  form  beds  of  ash. 

Volcanic  gases  are  emitted  during  every  kind  of  eruption  and  at 
many  vents  during  intervening  dormant  periods.  Gases  generally  are 
quickly  diluted  by  air  as  tl*y  are  dispersed  downwind,  although 
their  odor  may  be  detectable  for  many  tens  of  kilometers. 

Eruptions  have  been  frequent  in  historical  time,  about  the  last 
200  years.  Kilauea  and  Mauna  Loa  have  each  erupted  dozens  of 
times  during  this  period,  and  Hualalai  erupted  as  recently  as  A.D. 
1801  (Moore  and  others,  chapter  20;  Macdonald  and  Abbott, 
1970).  Haleakala  Volcano  on  Maui  last  erupted  about  1790  and 


Figure'.  22.2.  — Location  and  topography  of  I be  live  volcanoes  that  form  the  Island 
of  Hawaii,  and  location  of  thr  still  submerged  offshore  volcano  Lothi  Contour 
interval  1 .000  feel  (approx.  300  ml  Heavy  solid  bnea  mark  boundaries  of  the  bvr 
volcanoes. 
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has  been  active  at  least  10  times  within  the  last  1,000  years 
(Crandell,  1983). 

Several  other  volcanoes,  though  dormant  during  the  last  200 
years,  are  not  extinct.  Mauna  Kea  has  erupted  several  times  within 
the  last  10,000  years  (Porter,  1973)  and,  among  those  other 
volcanoes,  has  the  highest  eruptive  probability.  Other  potentially 
active  volcanic  areas,  such  as  the  southeastern  part  of  Oahu, 
apparently  have  not  erupted  for  more  than  10,000  years.  The  J 
possibility  of  future  eruptions  in  those  areas  should  be  recognized, 
even  though  specific  preparation  for  such  eruptions  may  not  be  | 
economically  or  socially  practical. 

DIRECT  VOLCANIC  HAZARDS 

Among  direct  volcanic  hazards,  lava  flows  occur  most  fre- 
quently and  are  the  greatest  hazard  to  property.  Eruptions  of  tephra 
are  also  frequent  but  do  not  represent  a severe  hazard  to  people  or 
properly.  Although  pyroclastic  surges  are  relatively  infrequent,  they 
can  be  a great  danger  to  human  life.  Volcanic -gas  emissions,  in 
contrast,  are  common  and  continuous  but  represent  relatively  little 
danger  to  people  or  property. 

LAVA  FLOWS 

Lava  is  erupted  from  single  vents  and  from  long  fissures,  and 
typically  forms  tongue-shaped  to  broadly  lobale  flows  that  attend  | 
downslope  from  the  vent  (fig.  22. 3X  The  size,  attent,  and  kind  of  j 
movement  of  lava  flows  vary  greatly,  depending  on  such  factors  as 
the  rate  and  volume  of  eruption  and  the  topography  over  which  the 
lava  moves. 

Hawaiian  lava  flows  generally  advance  more  slowly  than  the 
speeds  at  which  people  normally  walk  (3-5  km/h)  but  some  may 
move  much  faster.  Fronts  of  voluminous  flows  on  steep  ground  have 
advanced  as  rapidly  as  9 km/h,  and  lava  streams  in  well-established 
channels  on  steep  slopes  may  reach  speeds  of  55  km/h  (Macdonald 
and  Abbott,  1970,  p.  23)l  Contrasting  flow  behavior  and  surface 
features  divide  most  lava  flows  in  Hawaii  into  two  types,  termed 
pahoehoe  and  aa.  Pahoehoe  lava  is  relatively  fluid  and  forms  flows 
that  are  thinner  than  the  more  viscous  aa  flows,  and  pahoehoe  flows 
are  more  strongly  controlled  by  minor  topographic  features.  Individ- 
ual pahoehoe  flows  range  in  thickness  from  a few  tens  of  centimeters 
to  as  much  as  3 m.  During  the  course  of  a single  eruption,  however, 
successive  pahoehoe  flows  moving  along  the  same  path  may  build  up 
thicknesses  of  many  lens  of  meters.  Individual  aa  flows  arc  generally 
2-6  m thick,  but  locally  they  can  be  as  thick  as  20  m. 

Hawaiian  lava  flows  range  from  a few  meters  to  more  than  50 
km  in  length,  and  from  a meter  or  two  to  about  3 km  in  width.  A 
critical  factor  in  assessing  hazards  from  future  lava  flows  is  the  i 
maximum  distance  they  can  be  expected  to  extend.  Although  the 
majority  of  past  flows  from  Mauna  Loa  have  not  extended  more  than 
10-15  km  from  their  vents,  some  have  reached  much  farther  in  only 
one  or  a few  days.  The  longest  lava  flows  apparently  reached  their 
maximum  orients  quickly,  before  the  loss  of  heat  or  gases  caused  their 
fluidity  to  decrease,  or  they  formed  lava  tubes  that  minimized  loss  of 


FlCURE  22.3. — The  Island  at  Hawaii,  showing  approximate  areas  covered  by 
pre- 1975  historical  and  some  prehulorical  lava  flow*  (stippled X Dashed  lines  mark 
the  boundaries  of  the  five  volcanoes  that  form  the  island. 


heat  and  gases.  Of  many  factors  that  influence  the  length  of  lava 
flows.  Walker  (1973)  proposed  that  rate  of  eruption  of  the  lava  is 
most  important,  and  that  it  could  be  used  to  predict  the  distance  a 
lava  flow  will  travel.  Malin  ( I980X  however,  pointed  out  that  rate  of 
lava  eruption  does  not  correlate  well  with  length  of  lava  flows  from 
Kilauea  or  Mauna  Loa;  those  flows  correlate  more  closely  to 
volume.  In  1964,  a lava  flow  from  Mauna  Loa  extended  more  than 
25  km  toward  Hilo  in  less  than  5 days  (Lipman  and  Banks,  chapter 
57).  Decreases  in  eruption  rate  then  triggered  channel  blockages  and 
branching  of  the  flow  (Lipman  and  Banks,  chapter  57),  and  the  flow 
did  not  reach  closer  to  the  city.  A high  sustained  rate  of  lava  eruption 
clearly  indicates  that  a lava  flow  could  reach  far  from  the  vent.  The 
most  useful  clues  to  the  probable  final  length  of  such  a flow  may  be 
determination  of  whether  the  rate  of  eruption  is  constant  or  changing, 
and  whether  or  not  the  flow  forms  a lava  tube. 

The  paths  followed  by  lava  flows  are  generally  downslope,  but 
they  may  vary  in  detail.  Because  parts  of  a flow  are  continually 
cooling  and  becoming  more  viscous,  the  flow  may  not  move  directly 
into  the  lowest  available  ground  as  would  a stream  of  water.  Lava 
flows  may  move  diagonally  down  slopes  or  even  cross  low  ridges. 

The  chief  threat  presented  by  lava  flows  is  to  property  that 
cannot  be  removed.  They  bum,  crush,  bury,  or  surround  structures 
that  lie  in  their  paths,  and  reduce  the  value  of  land  that  is  covered. 
Although  most  lava  flows  move  so  slowly  that  they  do  not  threaten 
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lives,  voluminous  flows,  especially  those  on  steep  slopes,  can  move 
rapidly  enough  to  endanger  people. 

TEPHRA  FALLS 

Tephra,  which  consists  of  volcanic  ash  and  coarser  fragments, 
is  produced  most  frequently  in  Hawaii  by  lava  fountains,  but  it  can 
also  be  formed  by  explosive  magmatic  eruptions  and  by  steam-blast 
(phreatic)  explosions,  both  of  which  throw  large  and  small  fragments 
of  molten  and  solid  rode  into  the  air.  Large  dots  of  lava  erupted  in 
fountains  may  still  be  molten  when  they  fall  to  the  ground,  where 
they  may  become  part  of  a flow  or  form  spatter  cones  and  ridges  near 
the  vents.  Fragments  ejected  during  eruptions  that  are  more  vig- 
orous, and  often  more  continuous,  partly  or  wholly  solidify  before 
they  fall  back  to  the  ground  surface,  and  these  form  cinder  cones 
around  the  vent.  Tephra  produced  by  steam  explosions  generally 
consists  of  pieces  of  previously  solidified  rock.  Steam- blast  eruptions 
such  as  those  at  Kilauea  in  1924  probably  resulted  when  ground 
water  entered  hot  zones  inside  the  volcano  (Macdonald,  1972,  p. 
245;  Decker  and  Christiansen,  1964).  Locally,  mounds  of  tephra 
(littoral  cones)  can  be  built  by  steam  explosions  where  lava  flows 
enter  the  ocean. 

Large  tephra  fragments  fall  close  to  their  source  vents,  but 
smaller  par  tides  commonly  are  carried  away  by  winds  to  form 
widespread  ash  deposits.  Tephra  deposits  are  also  thick  near  source 
vents,  and  thin  rapidly  with  increasing  distance.  Tephra  from  lava 
fountains  at  Kilauea  Iki  in  1959,  for  example,  is  more  than  3 m thick 
at  0.5  km  from  the  vent,  but  thins  to  about  15  cm  and  3 cm  at 
distances  of  2 km  and  4 km,  respectively  (Richter  and  others,  1970; 
figs.  22.4,  22.5)  Tephra  from  eruptions  that  built  cinder  cones  on 
Mauna  Kea  is  as  much  as  a meter  thick  at  distances  of  I -2  km  and 
10  cm  thick  at  about  5 km  (Porter,  1973)  An  ash  layer  about 
2,500  years  old  on  the  west  flank  of  Haleakala  on  Maui  is  as  much 
as  10  cm  thick  at  about  9 km  from  the  crater.  Repeated  eruptions  of 
tephra  from  the  same  or  nearby  vents  can  result  in  even  thicker 
deposits;  widespread,  prehistoric  ash  deposits  on  the  Island  of 
Hawaii  are  locally  nearly  20  m thick  (Steams  and  Macdonald, 
1 946)  and  similar  deposits  as  thick  as  6 m blanket  a large  area  on 
the  upper  northwest  flank  of  Haleakala.  Traces  of  ash  from  lava 
fountains  commonly  have  been  seen  at  distances  of  40-  50  km  during 
historical  eruptions  of  Kilauea  and  Mauna  Loa.  Tephra  from  steam- 
blast  eruptions  generally  is  coarse-grained  and  no  more  than  a few 
tens  of  centimeters  thick.  Large  fragments  from  the  1924  eruption  at 
Kilauea,  some  weighing  several  tons,  were  thrown  hundreds  of 
meters,  and  smaller  rocks  were  thrown  as  far  as  about  2 km  (Jaggar, 
1947;  Macdonald  and  Abbott,  1970) 

Lava  fountains  and  eruptions  that  form  cinder  cones  are 
spectacular  but  seldom  endanger  people  or  animals,  who  can  move 
upwind  or  out  of  the  range  of  the  falling  material.  No  human  deaths 
or  senous  injuries  from  such  eruptions  have  been  reported  in  Hawaii 
during  the  19th  or  20th  centuries.  Steam-blast  eruptions,  however, 
can  occur  abruptly  and  eject  large  fragments  that  represent  a distinct 
threat  to  people  and  animals.  At  least  one  person,  in  1924,  has  been 
struck  and  killed  by  large  fragments  ejected  in  an  explosive  eruption 


(Macdonald  and  Abbott,  1970) 

Tephra  can  seriously  affect  vegetation  and  manmade  structures 
and  machinery.  Property  may  be  burned  and  abraded  by  airborne 
particles,  damaged  by  impact  of  large  fragments,  or  buried  by  a 
blanket  of  ash.  Ash  can  also  cause  discomfort  and  even  injury  to  eyes 
and  respiratory  systems,  and  can  smother  vegetation,  clog  water  and 
sewage  systems,  and  damage  machinery. 

Tephra  from  eruptions  during  historical  time  that  is  thick 
enough  to  have  caused  severe  damage  has  been  limited  to  areas  less 
than  about  2 km  from  active  vents.  Tephra  deposits  from  eruptions 
of  Kilauea  and  Mauna  Loa  have  covered  the  ground  to  thicknesses 
of  more  than  15  cm  only  within  about  2 km  from  the  vents.  The 
thickness  of  tephra  and  the  damage  it  causes  gradually  decrease  at 
progressively  greater  distances. 


PYROCLASTIC  SURGES 

Some  explosive  eruptions  produce  pyroclastic  surges,  which 
are  clouds  of  ash,  rock  fragments,  and  gases  that  move  at  high  speed 
outward  from  a source  vent.  Although  pyroclastic  surges  move  along 
the  ground  surface,  they  may  or  may  not  follow  topographic 
depressions.  The  temperature  of  rock  material  in  some  surges  is 
higher  than  the  boiling  point  of  water,  but  in  others  can  be  lower. 
Pyroclastic  surges  are  commonly  caused  by  steam  explosions  or  by 
explosions  of  magma  and  steam.  These  explosions  can  originate  in  at 
least  four  ways:  (I)  interaction  between  ground  water  and  molten 
rock  in  a fluctuating  magma  column;  (2)  sudden  depressurization  of  a 
shallow  hydrothermal  system;  (3)  intrusion  by  magma  into  water- 
saturated  rocks;  and  (4)  movement  of  sea  water  directly  into  a 
conduit  during  submarine  eruptions.  Prehistoric  explosive  eruptions 
of  Kilauea  have  been  attributed  to  the  first  two  causes  (Decker  and 
Christiansen,  1964) 

Explosive  eruptions  can  produce,  in  their  early  stages,  a 
primary  surge  that  moves  laterally  away  from  the  explosion  site  in  all 
directions,  as  well  as  a vertical  eruption  column.  Secondary 
pyroclastic  surges  can  develop  when  material  falls  back  to  the  ground 
from  the  vertical  column.  Although  velocities  of  50  km/h  to  as  much 
as  300  km/h  can  be  inferred  for  some  surges,  they  decelerate  rapidly 
and  typically  stop  less  than  1 0 km  from  their  source  (Crandell  and 
others.  1964) 

Pyroclastic  surges  formed  by  eruptions  at  basaltic  volcanoes 
have  affected  areas  as  far  as  10  km  from  their  source  vents 
(Crandell.  1963;  Dzurisin  and  others,  in  press)  The  probability 
that  an  area  will  be  affected  by  a surge,  as  well  as  the  severity  of  the 
effects,  decrease  progressively  away  from  a vent.  Because  surges  do 
not  necessarily  follow  topographic  lows,  high  areas  may  not  be  safe. 
Pyroclastic  surges  formed  by  eruptions  at  Rotomahana - Waimangu . 
New  Zealand,  in  1866  extended  at  least  6 km  from  their  source 
area  and  surmounted  steep  hills  as  high  as  360  m above  the  vents 
and  200  m above  the  adjacent  land  surface  (Nairn,  1979) 

A senes  of  explosive  eruptions  at  the  summit  of  Kilauea  about 
2,000  years  ago  produced  at  least  three  pyroclastic  surges  (Dzunsin 
and  others,  in  press)  The  first  two  were  separated  by  lava-fountain 
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FlCURE  22.4. — The  summit  area  of  KiLauea,  showing  extent  of  lephra  (pumice)  blanket  from  Kilauea  Iki  sent  in  1959.  From  Richter  and  others  (1970k  Topographic 
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eruptions,  and  the  second  and  third  by  lava  fountaining  and  an 
explosion  that  produced  a shower  of  rock  fragments.  The  last  surge 
was  followed  by  more  fountains  and  by  lava  flows.  These  surges 
affected  areas  at  least  1 0 kilometers  from  the  vent  area.  Pyroclastic 


surges  originating  in  the  same  area  about  1 790  left  deposits  of  rock 
debris  locally  more  than  10  m thick  near  Kilauea  s summit  caldera 
(Decker  and  Christiansen,  1984;  fig.  22.6)  and  may  have  affected 
areas  as  far  as  9 km  from  the  vent.  Prehistoric  pyroclastic -surge 
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Figure  22.7. — Volcanic  gav-s  issuing  from  tbr  Mauna  UKi  »mt  on  the  upper  east 
rift  ume  of  Kilauea  in  about  1972.  Distance  across  the  photograph  from  left  to 
right,  through  the  vent,  ts  about  2 km. 


perhaps  wet,  clinging  ash.  The  positions  and  condition  of  bodies  of 
persons  killed  by  pyroclastic  surges  during  the  1790  eruptions  of 
Kilauea  indicated  that  asphyxiation  and  heat  caused  the  deaths, 
rather  than  injuries  resulting  from  impact  by  rock  fragments  (Swan- 
son and  Christiansen,  I973X  The  chief  hazards  of  pyroclastic  surges 
to  property  are  impact  and  blast  effects;  vegetation  as  well  as 
structures  can  also  be  burned,  buried,  and  abraded. 

VOLCANIC  GASES 

Volcanic  gases  are  emitted  during  all  types  of  eruptions  (fig. 
22.7)  and  can  continue  to  be  released  for  many  years  after  other 
eruptive  activity  ceases.  Gas  can  also  be  expelled  at  vents  that  have 
never  erupted  lava;  some  fumaroles  have  produced  gases  for  more 
than  a century.  The  most  abundant  constituents  of  volcanic  gas  in 
Hawaii  are  water  vapor,  sulfur  dioxide,  and  carbon  dioxide,  but 
many  other  gases  have  been  detected  (Macdonald.  1972,  p.  SO) 
The  gases  of  most  concern  to  human  health  are  vanous  combinations 
of  sulfur,  oxygen,  and  hydrogen,  such  as  hydrogen  sulfide  and  sulfur 
dioxide;  other  dangerous  gases  include  chlorine,  fluorine,  and  carbon 
monoxide.  Carbon  dioxide  can  collect  in  closed  depressions  and 
cause  asphyxiation.  Small  amounts  of  mercury  have  also  been 
detected  in  gases  emitted  from  vents  along  the  east  rift  zooe  of 
Kilauea  (Siegel  and  Siegel,  chapter  35;  Siegel  and  Siegel,  1978) 

No  deaths  from  volcanic  gases  have  been  reported  on  Hawau. 
although  gases  have  killed  people  elsewhere,  notably  in  Indonesia 
(LeGuem  and  others.  1982)  Brief  exposure  to  gases  generally  does 
not  harm  otherwise  healthy  persons,  but  it  can  endanger  people  with 
heart  and  lung  ailments.  The  hazard  is  greatest  downwind  from  and 
near  active  vents,  and  it  may  persist  at  vents  that  continue  to  fume 
during  inactive  periods.  Gases  mix  with  air  as  they  drift  downwind, 
and  their  concentrations  and  effects  diminish  with  increasing  distance 
from  the  source.  Even  small  concentrations  of  sulfur- bearing  gases 


Figure  22.5.— Tephra  (pumice)  blanket  m former  preme  area  I km  southwest  of 
Kilauea  Ik)  vent,  on  November  30,  1959.  Small  shelter  after  3rd  phase  at  activity; 
about  I m of  tephra  covers  ground.  From  Richler  and  others  (1970) 


deposits  also  have  been  recognized  at  many  localities  on  the  south- 
eastern part  of  Oahu,  and  on  the  islet  of  Molokini  off  the  southwest 
coast  of  Maui. 

Although  less  frequent  than  lava  flows,  explosive  eruptions  that 
produce  pyroclastic  surges  represent  a severe  hazard  to  lives.  The 
chief  hazards  to  people  are  from  asphyxiation  by  hot  ash,  impact  by 
rock  fragments  traveling  at  high  speed,  and  bums  from  hot  and 


FIGURE  22.6.  — Interbedded  tephra  fall  deposits  and  pyTorlaslic  surge  deposits 
(with  inclined  bedding)  that  were  explosively  erupted  from  Kilauea  caldera  m 
1790.  Photograph  by  R.L.  Christiansen,  U-S.  Geological  Survey 
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can  affect  the  lungs,  eyes,  and  skin,  and  may  cause  gastric  upsets. 
Furthermore,  these  gases  can  combine  with  water  to  form  sulfuric 
acid,  which  can  damage  live  tissue,  cloth,  metal,  and  other  mate- 
rials. Many  types  of  vegetation  cannot  survive  near  gas-emitting 
vents,  and  many  varieties  may  be  killed  as  far  as  50  km  from  the 
source  vents.  Some  volcanic  gases,  such  as  carbon  monoxide  and 
carbon  dioxide,  are  odorless  and  heavier  than  air,  and  during 
windless  periods  they  may  become  concentrated  in  topographic 
depressions  and  present  an  invisible  danger  of  asphyxiation.  The 
presence  of  sulfur-bearing  volcanic  gases  generally  can  be  detected 
by  their  odor. 

INDIRECT  VOLCANIC  HAZARDS 

Ground  fractures,  subsidence,  and  earthquakes  commonly 
occur  together  as  a result  of  magma  movement.  They  are  especially 
common  in  the  summit  areas  and  rift  zones  of  Kilauea  and  Mauna 
Loa  but  are  generally  not  severe.  These  hazards  also  occur  on  a 
larger  scale  along  the  flanks  of  Kilauea  and  Mauna  Loa  as  a result  of 
massive  landslides  (Lipman  and  others,  1985),  and  tsunamis  accom- 
panying earthquakes  may  affect  coastlines  of  the  islands.  Such 
earthquakes  endanger  property,  and  the  tsunamis  are  a great  threat 
to  lives.  Earthquakes  that  affect  Hawaii  are  also  caused  by  crustal 
movements  underneath  the  volcanoes,  and  many  tsunamis  that  affect 
the  islands  are  generated  elsewhere  in  the  Pacific  Ocean. 

GROUND  FRACTURES 

Ground  fractures  in  rock  and  soil  are  caused  when  the  mass  on 
one  side  shifts  away  from  or  slides  past  an  adjacent  mass  along  a 
crack.  Fractures  may  form  scarps  where  one  mass  moves  up  or  down 
relative  to  another.  Cracks  as  much  as  several  meters  across  can 
remain  open  for  long  periods,  and  some  are  many  kilometers  in 
length. 

Cracks  can  form  rapidly  or  slowly,  and  by  repeated  discrete 
movements  or  by  slow,  more  continuous  movements.  Repeated 
vertical  displacements  along  the  same  fracture  can  produce  a scarp 
as  high  as  several  hundred  meters. 

Most  fractures  in  the  Hawaiian  Islands  result  from  magma 
movement,  subsidence  of  landslide  blocks,  or  earthquake  shaking. 
Fractures  of  historical  age  caused  by  magma  movement  are  very 
abundant  in  summit  areas  and  rift  zones  on  Kilauea  and  Mauna  Loa 
(fig.  22. 8X  and  prehistoric  fractures,  probably  of  similar  origin,  are 
common  along  the  southwest  rift  zone  of  Haleakala.  The  gravita- 
tional subsidence  of  large  landslide  blocks  on  the  flanks  of  Kilauea 
and  Mauna  Loa  also  creates  fractures. 

Earthquakes  cause  fractures  by  ground  vibration  and  also  by 
triggering  landslides,  especially  in  loose  soils.  The  earthquakes  of 
April  26,  1973,  November  29,  1975,  and  November  16,  1983, 
for  example,  caused  cracks  at  many  places  on  the  Island  of  Hawaii. 

Ground  fractures  are  a minor  but  persistent  hazard  to  people 
and  animals.  Cracks  that  open  suddenly  could  trap  them,  and  a 
danger  would  remain  for  as  long  as  the  cracks  stayed  open, 
especially  where  they  are  hidden  by  thick  vegetation.  Ground 


Figure  22.8. — Subsidence  of  a graben  m tbe  Kapoho  area  an  the  lower  east  nft 
loot  of  Kilauea,  on  January  I 3.  I960,  poor  to  outbreak  of  eruption  in  tbe  area. 
View  eastward  along  the  Kapoho  fault  scarp  in  tbe  village  of  Kapoho  Maximum 
vertical  dnplacement  it  about  I m (3.5  feet}  Photography  by  R.T.  Haugen. 
National  Park  Service. 


fractures  also  threaten  property:  they  can  disrupt  roads  and  build- 
ings as  well  as  water,  sewer,  power,  and  telephone  lines. 

GROUND  SUBSIDENCE 

Ground  subsidence  consists  mainly  of  four  kinds  that  differ 
greatly  in  scale:  (I)  subsidence  of  entire  islands,  (2)  subsidence  of 
parts  of  a volcanos  flanks,  (3)  settling  of  small  areas  as  a result  of 
underground  movement  of  magma,  and  (4)  local  collapse  of  tbe  roofs 
of  lava  tubes. 

Subsidence  of  some  islands  is  slow  but  continuous,  and  the 
resulting  submergence  along  shorelines  is  augmented  by  slow,  world- 
wide rise  of  sea  level.  The  rale  of  subsidence  for  the  Island  of 
Hawaii,  which  differs  from  place  to  place  on  the  island,  has  been 
calculated  as  1.4-4. 1 mm/yr  (Moore,  chapter  2;  Apple  and 
Macdonald,  1966;  Moore  and  Fomari,  1984).  The  worldwide  rise 
of  sea  level  is  1-2  mm/yr,  thus  the  island  is  being  submerged  at 
approximately  3-6  mm/yr,  equivalent  to  1-2  feet  per  century.  At 
Kahului,  Maui,  tbe  rate  of  island  subsidence  may  be  as  much  as  1 .7 
mm/yr  (Moore,  chapter  2;  Moore,  1970)  and  the  overall  sub- 
mergence about  3 mm/yr,  equivalent  to  I foot  per  century.  Subsi- 
dence of  such  large  areas  is  believed  to  result  from  depression  of  the 
sea  floor  under  tbe  weight  of  the  islands.  Coral  reefs,  beach  rock, 
and  soils  encountered  in  drill  holes  on  Oahu  at  depths  as  much  as 
336  m below  sea  level  (Steams,  1966,  p.  21 ) indicate  that  the  Island 
of  Oahu  also  has  subsided  in  the  past.  Tide-gauge  records  indicate 
that  tbe  island  is  now  being  submerged  at  tbe  same  rate  as  the 
worldwide  rise  in  sea  level,  thus  it  apparently  is  stable  now  (Moore, 
chapter  2;  Moore  and  Fomari,  1984) 
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FiCUHE  22.9. — Stepped  topography  produced  by  aubsidence  of  Urge  landslide 
blocks  on  the  south  flank  of  Kilauea.  The  scarps  are  formed  by  repeated 
downward  movement  of  blocks  south  of  faults.  Each  eptsode  of  movement  develops 
new  ground  tracks;  such  cracks  are  visible  on  face  of  scarp  in  foreground.  Scarps 
are  partly  mantled  with  lava  erupted  from  Mauna  Uhi  m 1969-74.  Photograph 
by  R.I.  Tiling,  U.S.  Geological  Survey. 


Submergence  from  slow,  continuous  subsidence  and  sea- level 
rise  will  eventually  endanger  shoreline  facilities.  Low-lying  coastal 
sites  will  become  increasingly  threatened  by  damage  from  storm 
waves  and  tsunamis,  and  eventually  by  inundation.  Submergence  is 
thus  a factor  to  be  considered  in  long-range  plans  for  buildings  and 
other  facilities  in  all  coastal  areas  of  the  Hawaiian  Islands,  and 
especially  on  the  Islands  of  Hawaii  and  Maui. 

Most  other  types  of  subsidence  are  more  rapid.  Large  parts  of 
the  flanks  of  Kilauea  and  Mauna  Loa,  for  example,  sometimes 
subside  abruptly.  The  areas  affected  may  be  several  tens  of  kilo- 
meters long  and  involve  hundreds  of  square  kilometers  of  land 
(Lipman  and  others,  1985).  Steep  scarps  and  stair-step  topography 
along  fault  zones  on  the  flanks  of  both  volcanoes  were  formed  by 
repeated  movements  during  the  recent  geologic  past  (fig.  22.9) 
These  movements  result  from  instability  of  the  volcanoes'  flanks 
caused  in  part  by  intrusion  of  magma  into  rift  zones  and  in  part  by 
the  load  of  the  unbuttressed  seaward  flanks  of  the  growing  volcanoes 
(Moore  and  Fiske,  1969;  Swanson  and  others,  1976) 

Rapid  subsidence  can  damage  or  destroy  manmade  structures 
by  tihing,  shaking,  and  fracturing  the  ground.  It  endangers  areas 
along  shorelines  because  they  may  suddenly  become  inundated  or 
lowered  enough  to  be  vulnerable  to  damage  from  storm  waves  and 
tsunamis. 

Shallow  underground  movements  of  magma  can  also  cause 
subsidence.  Withdrawal  of  magma  from  beneath  summit  areas  and 
rift  zones  may  remove  support  from  tracts  of  land  and  cause  them  to 
subside.  Such  movements  may  be  no  more  than  a few  meters,  but  the 
summation  of  repeated  settling  can  amount  to  tens  or  hundreds  of 
meters.  This  process  produced  the  summit  calderas  and  pit  craters  of 
Mauna  Loa  and  Kilauea,  which  are  as  much  as  several  hundred 
meters  deep. 


Subsidence  caused  by  withdrawal  of  magma  is  restricted  to 
summit  areas  and  rift  zones;  manmade  structures  in  those  areas  can 
be  damaged  or  destroyed  by  tilting  or  by  differential  settling  of 
underlying  rock.  Some  depressed  areas  may  become  more  vulnera- 
ble to  inundation  by  water  or  lava  flows.  This  type  of  subsidence  is 
so  commonly  associated  with  eruptions  and  so  restricted  to  summit 
and  rift-zone  areas  that  its  effects  are  overshadowed  by  those  caused 
directly  by  eruptions. 

Collapse  of  roofs  of  lava  tubes  is  a minor  subsidence  hazard. 
Roof  collapse  can  occur  while  lava  is  still  moving  through  a tube,  or 
later,  especially  if  new  loads  are  added  by  construction  or  heavy 
equipment.  This  hazard  can  be  minimized  by  investigating  for  the 
presence  of  lava  tubes  at  construction  sites  and  along  paths  to  be 
followed  by  heavy  construction  equipment.  The  hazard  is  highest  on 
young  pahoehoe  lava  flows  of  Mauna  Loa  and  Kilauea.  but  it  may 
also  exist  along  the  southwest  rift  zone  of  Maui  and  on  the 
Kalaupapa  Peninsula  of  Molokai. 

EARTHQUAKES 

Thousands  of  earthquakes  occur  each  year  in  the  Hawaiian 
Islands;  most  of  them  originate  on  the  Island  of  Hawaii  and  result 
from  the  movement  of  magma  at  shallow  depths  (see  Klein  and 
others,  chapter  43)  These  earthquakes  commonly  are  associated 
with  volcanic  eruptions,  but  they  also  accompany  movements  of 
magma  that  does  not  reach  the  surface.  The  greatest  number  of 
earthquakes  on  the  Island  of  Hawaii  originate  beneath  the  summit 
areas  and  along  or  near  the  rift  zones  of  Kilauea  and  Mauna  Loa. 
Most  are  so  small  that  they  can  only  be  detected  by  instruments  and 
cause  no  damage,  but  some  are  strong  enough  to  be  feh,  and  a few 
cause  minor  to  moderate  damage. 

Some  earthquakes  are  less  directly  associated  with  volcanic 
activity,  and  a few  of  these  cause  major  damage  (Klein  and  others, 
chapter  43)  Such  earthquakes  originate  every  few  years  under  the 
Island  of  Hawaii  and  are  less  frequent  beneath  and  between  other 
islands  of  the  Hawaii  group.  Some  of  these  earthquakes  probably 
originate  within  or  at  the  base  of  the  volcanoes  (Lipman  and  others. 
1985)  and  others  in  the  Earths  crust  beneath  the  volcanoes.  A 
major  zone  of  structural  weakness,  the  Molokai  fracture  zone, 
extends  westward  from  North  America  and  intersects  the  Hawaiian 
Islands  (fig.  22.1)  It  has  been  the  site  of  occasional  strong 
earthquakes,  some  of  which  were  centered  close  enough  to  the 
islands  to  be  damaging.  This  structural  zone  holds  the  potential  for 
generating  major,  though  infrequent,  earthquakes  in  the  future. 

The  two  largest  earthquakes  in  Hawaii,  m 1868  and  1975, 
had  magnitudes  greater  than  7 and  probably  were  caused  indirectly 
by  movement  of  magma  into  rift  zones  of  Mauna  Loa  and  Kilauea, 
respectively.  Magma  forced  the  flanks  of  the  volcanoes  outward,  and 
the  earthquakes  resulted  from  the  abrupt  subsidence  of  part  of  the 
south  flank  (Swanson  and  others,  1976;  Tilling  and  others,  1976; 
Lipman  and  others,  1985) 

Earthquakes  endanger  people  and  property  directly  by  shak- 
ing structures  and  by  causing  ground  fractures,  ground  settling,  and 
landslides.  Earthquakes  can  also  be  associated  with  tsunamis  when 
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both  result  from  the  sudden  subsidence  of  a volcanos  flank.  Strong 
earthquakes  in  the  past  have  damaged  buildings,  water  tanks,  and 
bridges,  and  have  disrupted  water,  sewer,  and  telephone  lines. 
Locally,  such  damage  can  be  intensihed  where  soft,  saturated 
sediments  amplify  earthquake  ground  motions.  Earthquakes  also 
trigger  rockfalls  and  other  kinds  of  landslides,  fracture  the  ground, 
and  cause  confined  bodies  of  water  to  slosh  back  and  forth.  Indirect 
effects  from  shaking,  such  as  fire,  can  be  even  more  severe  than 
direct  effects. 

Only  a few  earthquakes  in  Hawaii  have  been  strong  enough  to 
cause  severe  and  widespread  damage.  The  frequent  earthquakes 
caused  directly  by  magma  movement  do  not  seriously  endanger  life 
or  property;  most  damage  resulting  from  the  strongest  earthquakes 
of  this  type  has  been  related  to  the  falling  of  loose  objects.  The 
strongest  historical  earthquake,  in  1666,  was  centered  beneath  the 
south  coast  of  the  Island  of  Hawaii  (Wood,  1914).  It  caused 
widespread  and  locally  major  damage  across  the  entire  island, 
triggered  a destructive  mudflow  near  the  community  of  ftihala,  and 
was  accompanied  by  a devastating  tsunami.  The  combined  effects  of 
this  earthquake  claimed  40-50  lives.  A similar  earthquake  in  1975 
caused  widespread  damage,  and  an  accompanying  tsunami  claimed 
two  lives  (Tilling  and  others,  1976). 


TSUNAMIS 

Tsunamis,  also  called  seismic  sea  waves  or  tidal  waves,  are 
large,  rapidly  moving  ocean  waves.  Most  tsunamis  are  associated 
with  earthquakes  and  are  generated  when  an  abrupt  movement  of  the 
ocean  floor  displaces  a large  mass  of  water.  Tsunamis  also  have 
resulted  directly  from  volcanism  and  from  landsliding.  Tsunamis 
that  have  originated  around  the  rim  of  the  Pacific  Ocean  at  great 
distances  from  Hawaii  have  destructive  effects  similar  to  those  that 
originate  locally,  and  they  are  discussed  along  with  locally  generated 
tsunamis. 

Tsunamis  reportedly  have  swept  onshore  to  heights  as  great  as 
40  m above  sea  level  at  some  localities  in  the  world,  but  the 
maximum  recorded  height  reached  by  such  a wave  anywhere  in 
Hawaii  has  been  16— 17  m (Tilling  and  others,  1976)  The  heights 
and  distances  inland  reached  by  different  tsunamis,  and  on  different 
coasts  by  the  same  tsunami,  however,  have  varied  greatly.  The 
tsunami  of  November  29,  1975,  reached  as  high  as  14.6  m on  the 
south  coast  of  the  Island  of  Hawaii  (Tilling  and  others,  1976),  but 
waves  were  only  I -2.4  m high  on  other  parts  of  that  island  and  less 
than  1 m high  on  the  other  islands.  Recently,  Moore  and  Moore 
(1964)  have  suggested  that  coral-bearing  gravel  deposits  on  some  of 
the  islands,  formerly  interpreted  as  beaches  formed  during  high 
stands  of  sea  level,  are  actually  the  result  of  a truly  giant  wave 
possibly  generated  by  a submarine  landslide. 

Although  the  effects  of  tsunamis  that  originate  at  great  dis- 
tances are  similar  to  those  generated  locally,  the  latter  are  potentially 
more  dangerous  because  the  time  between  their  origin  and  arrival  at 
the  shoreline  may  be  too  brief  to  warn  and  evacuate  people  or 
property. 

Tsunamis  sometimes  move  onshore  as  turbulent  waves  that  can 


damage  or  destroy  virtually  everything  in  their  paths.  People  may  be 
battered  or  drowned,  buildings  moved  off  their  foundations  or 
knocked  over,  trees  uprooted,  and  boats  earned  inland.  As  the 
waves  recede,  they  may  carry  people  and  property  out  to  sea. 
Tsunamis  can  also  rise  quietly  as  they  move  onshore  and  inundate 
nearshore  areas.  The  salt  water  can  kill  crops,  poison  soil,  corrode 
metal,  and  damage  objects  and  structures  in  other  ways.  The  actual 
effects  of  a tsunami  at  any  specific  site  will  be  determined  by  the 
details  of  local  topography,  both  offshore  and  onshore,  and  the 
direction  of  approach  of  the  wave,  and  they  are  difficult  to  predict. 

The  locally  generated  tsunami  of  April  2,  1666,  destroyed 
most  villages  along  the  south  coast  of  the  Island  of  Hawaii  and  killed 
an  estimated  46  people  (Brigham,  1909,  p.  495-4%;  Hitchcock, 
1909;  Wood,  1914).  Five  successive  tsunamis  that  accompanied  the 
earthquake  of  November  29,  1975,  caused  the  loss  of  two  lives  and 
about  $1.4  million  in  property  damage. 

Tsunamis  have  been  reported  in  Hawaii  about  50  tunes  since 
the  early  19th  century  (Macdonald  and  others,  1947).  Those  of 
1637,  I860,  1877,  1946,  I960,  and  1975  caused  major  damage. 
The  tsunaumi  of  1 946  originated  in  Alaska  and  reached  the  islands 
without  warning;  it  caused  150  deaths  and  $25  million  damage 
(Macdonald  and  others,  1947;  Shepard  and  others,  1950). 
Although  adequate  warnings  accompanied  the  I960  tsunami,  which 
originated  in  Chile,  they  were  not  fully  heeded,  and  the  toll  included 
61  deaths  as  well  as  millions  of  dollars  of  property  damage  (Eaton 
and  others,  l%l ) 

HAZARD  ZONES 

Volcanic -hazard  zonation  maps  have  been  prepared  only  for 
the  Islands  of  Hawaii  and  Maui.  Volcanic  eruptions  on  the  other 
islands  are  so  unlikely  in  the  near  future  that  similar  hazard  zonation 
is  not  warranted.  Likewise,  no  hazard-zone  maps  have  been  drawn 
for  earthquakes  or  tsunamis.  The  threat  from  earthquakes  is  wide- 
spread across  the  islands,  and  earthquake  effects  are  strongly 
influenced  by  local  conditions.  The  danger  from  tsunamis  exists  only 
along  the  coasts  of  the  islands  in  a narrow  zone  whose  width  depends 
on  local  topographic  conditions.  The  danger  from  large  tsunamis  is 
somewhat  greater  along  the  southeast  and  southwest  coastlines  of  the 
Island  of  Hawaii,  because  highly  destructive  tsunamis  are  occasion- 
ally generated  there  by  large  landslides. 

The  hazard-zone  maps  distinguish  areas  in  which  the  general 
level  of  hazard  is  different  from  that  of  adjacent  areas.  However,  the 
level  of  hazard  can  vary  considerably  within  any  hazard  zone,  either 
gradually  or  abruptly.  Direct  volcanic  hazards,  for  example, 
decrease  in  magnitude  gradually  across  zones  away  from  active 
vents.  For  such  hazards  as  lava  flows,  the  frequency  with  which  a 
specific  site  is  affected  decreases  with  increasing  distance;  for  other 
hazards  such  as  tephra  and  gases,  the  severity  of  effects  diminishes 
gradually  with  increasing  distance.  Such  gradational  changes  m the 
hazard  may  extend  across  an  entire  zone.  Abrupt  changes  in 
magnitude  of  hazard  within  a zone  commonly  occur  along  sharp 
topographic  features,  and  local  topographic  features  in  a zone  may 
have  a magnitude  of  hazard  very  different  from  that  of  the  zone  as 
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whole.  The  hills  behind  Ninole,  for  example,  stand  well  above  the 
adjacent  slopes  of  modem  Mauna  Loa  and  so  have  a much  lower 
lava-flow  hazard  than  do  those  slopes.  Consequently,  the  magnitude 
of  hazard  assigned  to  a zone  applies  only  to  that  zone  as  a whole, 
and  differences  within  it  are  not  shown.  Such  differences  can  best  be 
determined  by  specific  site  studies. 

The  change  in  degree  of  hazard  across  most  zone  boundaries  is 
gradual  rather  than  abrupt,  and  it  may  be  apparent  only  over  a 
distance  of  a few  kilometers  or  more.  Boundaries  between  many 
zones  are  approximations  that  serve  chiefly  as  guidelines  to  show  that 
a difference  in  hazard  does  exist  and  to  facilitate  description  of  the 
zones.  Although  adjacent  hazard  zones  arc  separated  on  the  maps 
by  single  lines,  changes  in  the  degree  of  hazard  across  most  zone 
boundaries  are  so  gradational  that  they  might  better  be  shown  by 
numerous  lines  or  a continuous  change  in  shading. 

Some  zones  that  theoretically  exist  are  not  shown  on  the  hazard 
maps.  For  example,  in  an  area  south  of  Kiiauea  caldera,  the 
distribution  of  lava  flows  indicates  that  the  hazard  from  future  flows 
is  much  less  than  on  the  nearby  southeast  flank  of  the  volcano.  Zones 
intermediate  between  the  two  hazard  zones  that  are  shown  must 
exist,  but  these  intermediate  zones  are  not  drawn  on  the  map  because 
multiple  narrow  zones  would  suggest  greater  accuracy  than  is 
warranted. 

Hazard  zones  are  based  chiefly  on  the  assumption  that  future 
eruptions  will  be  like  those  in  the  past  that  are  known  from  oral  and 
written  histones  and  from  geologic  investigations.  Some  kinds  and 
scales  of  eruptive  events  could  occur  that  are  not  foreseen  by  these 
hazards  assessments. 


ISLAND  OF  HAWAII 

HAZARD  ZONES  FOR  LAVA  FLOWS 

Hazard  zones  for  lava  flows  are  based  chiefly  on  lava-flow 
coverage  of  different  areas  during  specific  time  periods.  The  zones 
are  also  based  partly  on  the  current  structural  conditions  within  the 
volcanoes,  on  fault  scarps  and  other  topographic  features  that  would 
limit  the  distribution  of  lava  flows,  and  on  the  frequency  of  past 
eruptive  events.  Recent  studies  of  Kiiauea  by  Holcomb  (chapter 
I2X  Mauna  Loa  by  Lockwood  and  Lipman  (chapter  I8X  and 
Hualalai  by  Moore  and  others  (chapter  20)  provide  most  of  the  data 
on  lava -flow  coverage  for  the  time  periods  on  which  hazard  zones  arc 
based.  Similar  data  for  Mauna  Kea  are  from  Porter  (I973X 
Hazard  zones  and  definitions  used  for  the  Island  of  Hawaii  in  this 
report  are  modified  from  those  used  for  a previous  volcanic-hazards 
assessment  of  the  island  (Mullineaux  and  Peterson,  1974;  U.S. 
Geological  Survey,  I976X 

To  facilitate  comparison  of  the  hazard  from  place  to  place 
across  the  Island  of  Hawaii,  lava-flow  hazard  zones  for  its  five 
volcanoes  have  been  fit  into  a single  scale  of  decreasing  hazard,  llie 
overlap  of  hazard  zones  shown  for  Kiiauea  and  Mauna  Loa  is 


approximate,  in  part  because  both  volcanoes  have  changed  their 
eruptive  patterns  within  the  past  several  hundred  years,  and  their 
future  patterns  are  only  partly  predictable.  Between  A.D.  1200 
and  A.D.  1800,  for  example.  Kiiauea  erupted  voluminous  lava 
flows  from  precaldera  summit  vents;  the  flows  covered  more  than  80 
percent  of  the  volcano,  including  its  northeast  and  northwest  flanks 
(Holcomb,  chapter  12,  fig.  I2.42X  Since  1800,  lava  has  covered 
significant  areas  of  its  flanks  only  south  of  its  east  rift  zone.  In 
contrast,  lava  flows  on  Mauna  Loa  since  about  A.D.  1840  have 
covered  more  area  than  those  of  the  previous  several  hundred  years 
(Lipman,  1980)  Neither  volcano  shows  signs  of  changing  its 
current  pattern.  The  hazard  zones  shown  cm  fig.  22. 10  are  based  on 
the  assumption  that  present  kinds  and  rates  of  activity  at  both 
volcanoes  will  continue  unchanged  for  at  least  the  next  few  years  and 
probably  for  the  nott  few  decades. 

Zone  1 (fig.  22.10)  consists  of  the  summit  areas  and  active 
parts  of  the  rift  zones  of  Kiiauea  and  Mauna  Loa;  in  those  areas,  25 
percent  or  more  of  the  land  surface  has  been  covered  by  lava  within 
historical  time,  during  the  19th  and  20th  centuries.  These  areas 
contain  the  sites  of  most  historical  eruptions,  and  a large  majority  of 
the  lava  flows  that  will  affect  other  zones  on  Kiiauea  and  Mauna  Loa 
in  the  near  future  probably  will  originate  in  zone  I . 

Zone  2 consists  of  several  areas  that  are  adjacent  to  and 
downs  lope  from  the  active  rift  zones  of  Kiiauea  and  Mauna  Loa  and 
therefore  are  subject  to  burial  by  lava  flows  of  even  small  volume 
erupted  in  those  rift  zones.  On  Kiiauea  south  of  its  east  rift  zone,  as 
much  as  25  percent  of  the  land  surface  has  been  covered  by  lava 
during  historical  time,  and  10-15  percent  has  been  covered  since 
1950.  Lava  flows  have  covered  parts  of  this  area  as  recently  as 
January  1986,  and  the  history  of  Kiiauea  suggests  that  they  will 
i continue  until  some  significant  change  occurs  within  the  volcano. 

| Although  very  little  of  the  area  in  zone  2 north  of  the  lower  east  nft 
! zone  of  Kiiauea  has  been  affected  by  lava  since  1950,  about  15 
percent  of  that  surface  has  been  covered  during  historical  time.  On 
Mauna  Loa,  long  and  voluminous  lava  flows  have  repeatedly  entered 
the  areas  included  in  zone  2,  covering  about  3 percent  of  those  areas 
since  1950  and  about  20  percent  within  historical  time. 

Zone  3 indudes  other  areas  on  Kiiauea  and  Mauna  Loa  in 
which  the  hazard  is  gradahonally  lower  than  that  in  zone  2.  On 
Kiiauea,  less  than  3 percent  of  the  areas  in  zone  3 has  been  covered 
with  lava  during  historical  time.  However,  more  than  75  percent  of 
those  areas  has  been  covered  by  lava  flows  within  the  last  750  years. 
The  hazard  is  less  in  zone  3 on  the  flanks  of  Kiiauea  than  in  zone  2 
because  ground  subsidence  within  much  of  Kilaueas  rift  zones 
prevents  lava  flows  of  small  volume  from  extending  beyond  those  rift 
zones.  On  Mauna  Loa,  only  about  1-3  percent  of  the  land  surface  in 
most  of  zone  3 has  been  covered  by  lava  during  historical  time; 
however,  a single  lava  flow  during  the  1 9th  century  covered  about  1 0 
percent  of  the  area  in  zone  3 on  the  northwest  flank  of  the  volcano. 
During  the  last  750  years,  lava  flows  have  covered  about  15-20 
percent  of  the  flanks  of  Mauna  Loa  within  zone  3.  The  hazard  on 
[ Mauna  Loa  decreases  progressively  down  slope  from  its  summit  and 
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rift  zones  across  zones  2 and  3.  The  hazard  is  lower  in  zone  3 
because  lava  flows  on  Mauna  Loa  typically  do  not  extend  all  the  way 
from  the  source  vents  to  the  coastline;  only  about  half  of  the  flows  on 
this  volcano  during  the  last  1 , 500  years  have  reached  its  lower  flanks 
(Lockwood  and  Lipman,  chapter  18).  Within  zone  3 on  Mauna 
Loa,  the  hazard  is  currently  less  tn  the  part  that  lies  southeast  of  the 
rift  zones  than  on  the  northwest  flank  of  the  volcano  and  should 
remain  so  in  the  near  future.  The  hills  behind  Ninole,  east  of  the 
southwest  rift  zone,  are  not  identified  on  the  hazard-zone  map.  They 
may  be  an  upthrown  block  of  Mauna  Loa  or  part  of  an  older 
volcano  (Lipman,  I960)  and  they  stand  as  much  as  a hundred 
meters  above  the  younger  surface  of  Mauna  Loa.  The  lava-flow 
hazard  on  these  hills  decreases  with  height  and  is  about  as  low  as 
that  in  zone  8 at  their  highest  points. 

Zone  4 embraces  only  Haulalai  Volcano,  where  a few  percent 
of  the  land  surface  was  covered  by  lava  flows  in  A.D.  1800-1801 , 
but  less  than  1 5 percent  has  been  covered  during  the  last  750  years. 
Recent  prehistoric  as  well  as  historical  eruptions  on  Haulalai  have 
been  less  frequent  than  on  Kilauea  and  Mauna  Loa.  Lava  flows  on 
Hualalai  have  typically  covered  targe  areas,  and  the  rift  zones  of  the 
volcano  do  not  seem  to  have  a distinctly  higher  degree  of  hazard  than 
do  its  flanks. 

Zone  5,  on  the  lower  flank  of  Kilauea  south  of  its  caldera,  has 
been  almost  unaffected  by  lava  flows  during  historical  time,  although 
nearly  half  of  this  area  has  been  covered  within  the  last  750  years. 
This  flank  of  Kilauea  is  currently  protected  by  the  presence  of  the 
Kilauea  summit  caldera  and  by  fault  scarps  in  the  Koae  fault  zone 
that  face  upslope.  Zone  5 seems  to  be  relatively  safe  from  lava-flow 
burial  under  present  conditions,  but  it  could  be  threatened  by  a new 
episode  of  voluminous  eruption  of  lava  that  spilled  southward  from 
the  summit  caldera. 

Zone  6 includes  one  area  on  the  flank  of  Mauna  Loa  south- 
southeast  of  its  caldera  and  another  that  is  east  of  the  lower  part  of 
its  southwest  rift  zone.  The  age  and  extent  of  flows  in  these  areas  are 
not  well  known,  but  the  oldest  flows  at  the  surface  of  Mauna  Loa  are 
on  this  flank  (Lipman,  1980)  These  areas  seem  relatively  unlikely  to 
be  affected  by  lava  flows  in  the  near  future.  The  magnitude  of  the 
hazard  south-southeast  of  the  summit  could  change  significantly, 
however,  if  the  caldera  of  Mauna  Loa  were  to  fill  with  lava. 

Zone  7 includes  the  summit  and  upper  flanks  of  Mauna  Kea; 
this  is  an  area  in  which  no  eruptions  have  occurred  since  about 
3,500  years  ago,  but  lava  covered  about  20  percent  of  the  land 
surface  between  5,000  and  3,500  years  ago. 

Zone  8 is  a large  area  on  the  lower  flanks  of  Mauna  Kea  that 
has  not  been  affected  by  lava  flows  for  at  least  10,000  years. 
However,  zone  8 could  be  affected  by  an  unusually  long  lava  flow 
issuing  from  a vent  higher  on  Mauna  Kea. 

Zone  9 consists  of  Kohala  Volcano.  No  eruption  has  occurred 
there  for  about  60,000  years,  but  even  though  the  hazard  there  is 
extremely  low  the  volcano  cannot  be  regarded  as  extinct. 

HAZARD  ZONES  FOR  TEPHRA  FALLS 

Hazard  zones  for  tephra  (fig.  22.  II)  are  based  on  eruption 


FlGURF.  22-11. — Haurd  torn  for  lepbr*  on  die  Island  of  Hawaii.  See  text  for 
explanation  of  numbered  zoom.  Till*,  solid  fetes  mark  boundaries  between 
volcanoes.  Stipple  pattern  mdicates  areas  covered  by  pro- 1975  historical  lava 
flows. 


frequency,  proximity  to  potential  vents,  and  wind  directions.  Fre- 
quency and  proximity  largely  control  the  location  of  tephra  hazard 
zones  on  the  Island  of  Hawaii,  because  the  potential  hazard 
diminishes  rapidly  in  severity  with  increasing  distance  from  vents  as 
both  fragment  size  and  thickness  of  deposits  decrease.  Winds  have 
less  influence  on  the  distribution  of  these  hazard  zones  because  the 
prevailing  northeasterly  trade  winds  are  not  dominant  over  the  entire 
Island  of  Hawaii;  antitrade  and  storm  winds,  especially  at  the 
altitudes  of  vents  high  on  Mauna  Loa,  and  upslope  and  down  slope 
winds  as  well  as  sea  and  land  breezes  result  in  great  variations  from 
trade-wind  directions.  However,  antitrade  winds  seldom  blow  from 
Kilauea,  Mauna  Loa,  or  Hualalai  across  Mauna  Kea  or  Kohala, 
and  storm  winds  blowing  in  those  directions  are  infrequent. 

Tephra  is  produced  most  frequently  by  lava  fountains  in  the 
summit  areas  and  rift  zones  of  Kilauea  and  Mauna  Loa.  Such 
eruptions  have  occurred  at  least  once  every  few  years  in  historical 
tune,  and  they  have  produced  tephra  as  much  as  I m thick  at  a 
distance  of  I km  from  the  vents  and  10  cm  thick  at  about  2 km 
(Richter  and  others.  1970)  Steam-blast  explosions  have  occurred  at 
the  summits  of  Kilauea  and  Mauna  Loa  and  where  the  east  rift  zone 
of  Kilauea  intersects  the  shoreline.  Tephra-fall  deposits  from  steam- 
blast  eruptions  have  included  large  rock  fragments,  but  such  erup- 
tions rarely  produce  layers  more  than  about  I cm  thick  at  localities 
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more  than  about  2 km  from  the  source  vents.  Outside  those  zones,  a 
few  historical  eruptions  on  the  upper  north  slope  of  Mauna  Loa 
suggest  that  tephra  could  be  produced  there  by  future  lava  fountains. 
Tephra  mounds  (littoral  cones)  can  also  be  formed  wherever  lava 
flows  enter  the  ocean;  thus,  they  are  limited  to  the  seacoast,  mostly 
on  Kilauea  and  Mauna  Loa.  The  hazard  from  tephra  of  this  origin 
is  not  identified  on  a hazard  map,  inasmuch  as  it  accompanies  and  is 
inseparable  from  the  lava-flow  hazard  along  the  shoreline. 

Tephra  eruptions  have  been  much  less  frequent  on  Hualalai; 
none  are  known  in  historical  time.  Such  eruptions  have  been  even  less 
frequent  on  Mauna  Kea  and  Kohala.  The  youngest  eruptions  on 
Mauna  Kea  occurred  more  than  3,500  years  ago,  but  they  pro- 
duced tephra  layers  as  thick  as  5 m about  I km  from  the  source 
vents,  I m at  2 km,  and  10  cm  at  4 km  (Porter,  I973X  No  eruptions 
have  occurred  on  Kohala  for  several  tens  of  thousands  of  years. 

Tephra-hazard  zone  I includes  the  summit  areas  and  rift  zones 
of  Kilauea  and  Mauna  Loa,  the  areas  of  highest  eruption  frequency, 
and  extends  about  2 km  beyond  the  rift-zone  boundaries.  Tephra 
more  than  10  cm  thick,  as  well  as  large  fragments,  will  likely  be 
restricted  to  this  zone  during  virtually  all  future  eruptions  from  the 
summits  and  rift  zones  of  Kilauea  and  Mauna  Kea. 

Tephra-hazard  zone  2,  in  which  tephra  falls  from  lava  foun- 
tains should  be  frequent  but  thin,  includes  the  flanks  of  Kilauea  and 
Mauna  Loa  and  all  of  Hualalai.  The  potential  hazard  within  this 
zone  is  locally  somewhat  greater  on  the  upper  north  flank  of  Mauna 
Loa.  where  there  are  several  vents  along  minor  fractures.  A 
subzone,  2 A,  of  somewhat  different  character  exists  on  Hualalai.  In 
addition  to  the  hazard  there  represented  by  thin  tephra  erupted  from 
within  zone  I,  a potential  exists  for  burial  by  cinder  cones  and 
thinner,  more  widespread  tephra  10  cm  or  more  thick  from  infre- 
quent eruptions  of  Hualalai.  This  aubzone  includes  the  rift  zone  on 
Hualalai  and  the  areas  within  about  4 km  on  both  sides  of  the  rift 
zone. 

Tephra  hazard  zone  3 includes  areas  in  which  only  thin 
deposits  of  tephra  erupted  from  Kilauea,  Mauna  Loa,  or  Hualalai 
are  likely  to  fall.  The  low  frequency  of  winds  that  blow  northward 
across  Mauna  Kea  and  Kohala  from  the  three  more  active  volcanoes 
indicates  that  even  thin  ash  is  likely  from  only  a minority  of  eruptions. 
The  subzone  3A  marks  an  area  of  Mauna  Kea  above  about  a 
2.000-m  elevation  in  which  cinder-cone  eruptions  could  produce 
locally  thick  tephra  deposits;  although  such  eruptions  have  a very  low 
probability,  their  effects  could  be  locally  severe. 

HAZARD  ZONES  FOR  PYROCLASTIC  SURGES 

On  the  Island  of  Hawaii,  the  deposits  of  pyroclastic  surges 
have  been  recognized  only  adjacent  to  the  caldera  of  Kilauea.  The 
single  hazard  zone  for  pyroclastic  surges  surrounds  the  caldera  and 
extends  to  a distance  of  10  km  from  its  center. 

Pyroclastic  surges  conceivably  could  be  initialed  at  other  places 
where  ground  water  or  sea  water  can  interact  with  magma.  Magma 
could  encounter  ground  water  under  the  rift  zones  of  Kilauea  and  the 
summit  and  rift  zones  of  Mauna  Loa  and  possibly  at  scattered  sites 
elsewhere  on  Mauna  Loa  and  on  Hualalai.  Magma  and  sea  water 


could  interact  where  both  rift  zones  of  Kilauea  and  the  southwest  rift 
zone  of  Mauna  Loa  meet  the  coastline. 

HAZARD  ZONES  FOR  VOLCANIC  GASES 

Hazard  zones  for  volcanic  gases  are  the  same  as  hazard  zones 
for  tephra  (fig.  22. 1 1);  like  tephra,  gases  are  emitted  chiefly  from 
the  summit  areas  and  rift  zones  of  Kilauea  and  Mauna  Loa;  they  are 
distributed  by  winds  and  their  effects  decrease  with  distance. 
Hazard  zone  1 consists  of  the  summit  areas  and  rift  zones  of  Kilauea 
and  Mauna  Loa,  and  extends  about  2 km  beyond  the  rift-zone 
boundaries. 

Hazard  zone  2 for  gases  includes  Hualalai  as  well  as  the  other 
parts  of  Kilauea  and  Mauna  Loa.  Although  the  hazard  is  less  in 
zone  2,  historical  events  show  that  gas  effects  can  be  significant  far 
beyond  the  source  vents.  In  1977,  gases  from  eruptions  on  Kilauea 
killed  vegetation  as  far  as  30  km  from  their  source  (J.P.  Lockwood, 
written  commun. . 1978).  From  1967  to  1974,  trade  winds  carried 
gases  from  Kilaueas  summit  and  east  rift  zone  south  westward  into 
the  Kau  District,  reportedly  causing  a decline  in  sugar  yields.  Fumes 
then  drifted  around  to  the  Kona  District  on  the  west  coast  and  were 
blamed  for  the  decline  of  other  crops. 


FlGURF  22.12. — Hazard  can « for  ground  fractures  and  subsidence  on  the  Island 
of  Hawaii.  See  text  for  explanation  of  numbered  tones.  Local son  of  areas  subject  to 
fracture  and  subsidence  on  flanks  of  Mauna  Loa  from  Lipman  (19001  Thin,  solid 
hncs  mark  boundaries  between  volcanoes.  Stipple  pattern  indicates  areas  covered 
by  pre  1975  huloncaJ  lava  flows. 
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Hazard  zone  3 cover*  Maun  a Kea  and  Kolia  la,  which  are 
subject  to  a lower  degree  of  hazard  because  of  their  distance  from 
vent  areas  and  the  infrequency  of  winds  that  blow  across  them  from 
the  south. 

HAZARD  ZONES  FOR  GROUND  FRACTURES  AND 
SUBSIDENCE 

The  Island  of  Hawaii  is  divided  into  four  hazard  zones  for 
ground  fracture  and  small-scale  subsidence  (fig.  22. 1 2X  The  zone  of 
highest  hazard,  zone  1 , includes  the  summit  areas  and  rift  zones  of 
Mauna  Loa  and  Kilauea,  where  fractures  and  subsidence  occur 
most  frequently.  Zone  2 consists  of  the  south  flank  of  Kilauea,  where 
fracturing  and  subsidence  occur  somewhat  less  frequently  than  in  the 
summit  and  rift  zone  areas.  Fracturing  and  subsidence  of  the  south 
flank  occur  chiefly  along  the  Koae  and  Hilina  fault  zones  but  are  not 
limited  to  them  (Holcomb,  chapter  12;  Duffteld,  1975;  Lipman  and 
others,  1985. 

Hazard  zone  3 embraces  the  areas  of  the  Kaoiki  and  Kea- 
lakekua  fault  systems  on  Mauna  Loa,  where  fractures  and  subsi- 
dence caused  by  magma  movement  are  less  frequent  than  on 
Kilauea.  Zone  4,  in  which  these  hazards  are  least,  includes  the 
remainder  of  the  island. 

Abrupt  large-scale  subsidence  of  fault  blocks  causes  an  addi- 
tional hazard  from  inundation  along  the  coast  seaward  of  the  Kaoiki 
and  Kralakekua  fault  systems  cm  the  flanks  of  Kilauea  and  Mauna 
Loa.  Subsidence- induced  tsunamis,  however,  can  be  a more  serious 
hazard  than  the  abrupt  inundation.  In  addition,  inundation  hazard 
from  slow  regional  subsidence  exists  along  the  entire  shoreline  of  the 
island. 


MAUI 

The  Island  of  Maui  comprises  two  volcanoes.  West  Maui  and 
Haleakaia  (Stearns  and  Macdonald,  1942;  fig.  22. I3X  Pot  ass  turn  - 
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argon  ages  of  lavas  of  the  West  Maui  volcano  range  from  about  1 .97 
to  1.3  million  years  before  present  (McDougall,  1964;  Naught  cm 
and  others,  I980X  and  Grand  ell  (1983)  concluded  that  even  the 
youngest  lava  flows  on  the  volcano  are  more  than  25,000  years  old, 
The  likelihood  of  a future  eruption  on  West  Maui  seems  remote. 

Potassium-argon  ages  on  lava  flows  of  Haleakaia  volcano 
range  from  about  0.91  to  0.36  million  years  before  present 
(McDougall,  1964;  Naughton  and  others,  I980)l  Radiocarbon 
ages  ranging  from  about  26,800  to  200  years  before  present  have 
been  reported  on  more  recent  ash  deposits  and  lava  flows  (Crandell. 
1983).  Crandell  inferred  that  the  average  frequency  of  eruptions  on 
the  volcano  as  a whole  has  been  nearly  one  per  100  years  during  the 
last  1 ,000  years.  The  latest  eruption  occurred  about  1 790  at  a vent 
m the  lower  part  of  the  southwest  rift  zone,  and  it  produced  a 3-km 
long  lava  flow. 


HAZARD  ZONES  FOR  LAVA  FLOWS 

Five  zones  of  differing  lava-flow  hazard  proposed  by  Crandell 
(1983)  on  Haleakaia  were  based  on  the  inferred  frequency  of 
eruptions  and  the  ages  of  recent  lava  flows.  The  geologically  recent 
eruptive  history  of  Haleakaia  differs  in  many  respects  from  that  of 
the  volcanoes  on  the  Island  of  Hawaii.  Because  of  these  differences, 
lava-flow  hazard  zones  recognized  on  Haleakaia  do  not  correspond 
exactly  to  hazard  zones  on  Hawaii,  and  they  are  defined  here  from 
highest  ( I ) to  lowest  (5)  degree  of  hazard.  The  zones  described  here 
are  the  same  as  those  outlined  on  a previous  lava-flow  hazard  map  of 
1 Haleakaia  (Crandell,  I983X  but  the  definitions  of  some  zones  have 
, been  modified. 

On  Maui,  lava-flow  hazard  zone  I includes  areas  in  which 
i about  50  percent  of  the  land  surface  has  been  covered  by  lava  flows 
! dunng  the  last  1 ,000  years,  and  it  covers  the  crater  of  Haleakaia 
and  the  southwest  rift  zone  (hg.  22. 14X  The  inferred  frequency  of 
I lava  flows  has  been  at  least  one  per  1 20  years  in  the  crater  during  the 
last  2,500  years,  and  at  least  one  per  150-200  years  m the 
southwest  rift  zone  dunng  the  last  1 ,000  years. 

Zone  2 includes  two  areas  in  which  10-30  percent  of  the  land 
surface  has  been  covered  by  lava  flows  during  the  last  1 ,000  years. 
These  areas  are  situated  south  of  the  southwest  nft  zone,  where 
about  10  percent  of  the  surface  has  been  covered  dunng  the  last 
1 ,000  years,  and  north  of  the  east  rift  zone,  where  lava  flows  have 
covered  about  30  percent  of  the  land  surface  dunng  the  same  penod. 
Lava  flows  are  inferred  to  have  occurred  within  these  areas  at  an 
average  rate  of  at  least  one  per  500  years,  and  the  last  flow  occurred 
less  than  1 ,000  years  ago. 

Zone  3 includes  areas  in  which  eruptions  have  not  occurred  for 
more  than  1 ,000  years,  but  where  much  of  the  land  surface  has  been 
covered  by  lava  flows  within  the  last  20,000  years.  The  best 
evidence  of  rate  of  coverage  m this  zone  on  Haleakaia  is  north  of  the 
southwest  rift  zone,  where  lava  flows  inferred  to  be  less  than  20,000 
years  old  have  covered  about  75  percent  of  the  land  surface.  Flows 
have  occurred  at  an  average  rate  of  at  least  one  per  2,000  years  in 
this  area,  although  the  last  flow  was  erupted  about  4,000  years  ago. 
The  valleys  that  attend  from  the  crater  northward  and  southward  to 
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FlGURt:  22. 14. — Lava-flow  Hazard  zoom  on  Hair  alula  Volcano,  eastern  Maui.  Sec  text  (or  description  of  the  numbered  zones.  Lined  areas  indicate  the  southwest  and  east 

rift  zones  of  the  volcano.  Topograph*  contours  at  1 ,000-ft  intervals. 


the  coasts,  as  well  as  the  east  rift  zone,  are  included  in  zone  3.  The 
two  youngest  flows  recognized  in  the  lower  part  of  the  southern  valley 
were  tentatively  assigned  an  age  of  more  than  1 .000  but  less  than 
10,000  years  by  Crandell  (1983).  A flow  in  the  upper  part  of  the 
east  rift  zone  is  radiocarbon  dated  at  about  9,400  years  before 
present,  and  one  in  the  lower  part  of  the  rift  zone  is  dated  at  12,760 
years  before  present.  The  rate  of  lava  flow  eruptions  along  the  east 
rift  zone  probably  is  less  than  one  per  2,000  years. 

Zone  4 is  defined  solely  from  the  average  frequency  of  lava 
flows,  which  is  inferred  to  be  less  than  one  per  10,000  years,  but  is 
at  least  one  per  20,000  years.  The  last  lava  flows  in  these  areas 
probably  were  formed  more  than  1 0,000  years  ago.  The  rate  of  lava 
coverage  is  not  known,  but  probably  less  than  10  percent  of  the  area 
has  been  covered  in  the  last  20,000  years. 

Zone  3 includes  areas  that  have  not  been  affected  by  lava  flows 
for  at  least  20,000  years. 


Lava-flow  hazard  zones  on  Maui  are  compared  with  those  on 
the  Island  of  Hawaii  in  table  I , but  the  frequency  of  eruptions  or  the 
percentage  of  lava -flow  cover  during  a specified  period  on  one  island 
may  correspond  only  approximately  with  similar  data  on  the  other 
island. 

Table  22-1 . — Companion  of  lava  fine  hazard  zxrnci  on  thf  Idandt  of  Maui  and 
Hawaii 

(NR.  not  rvpmmled] 


Laviflow  hazard  zone 
on  Hawaii 

Lui-Sow  hazard  zone 
oa  Maui 

1 

N.R. 

2 

NR 

3 

m» 

4 

2 

5 

N.R 

6 

N.R. 

7 

3 

U 

4 

9 
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FIGURE  22.15. — View  *ouUwajtv»«d  *croM  Uv*  flow*  (foreground)  and  cinder 
cooes  n tbe  crater  of  Haleakala  Volcano,  eastern  Maui.  Cone  at  right  side  of 
photograph  n about  1 50  m (500  feet)  high  Average  rate  of  eruptions  in  the  crater 
during  the  last  2.500  years  may  be  at  least  one  per  100  years,  but  the  age  of  the 
last  eruption  is  not  known. 


HAZARD  ZONES  FOR  TEPHRA  FALLS 

Because  of  the  low  frequency  of  eruptions  on  Maui  in  com- 
parison with  the  Island  of  Hawaii,  the  likelihood  of  areas  being 
affected  by  ashfall  is  much  lower.  If  an  ash-producing  eruption  does 
occur,  the  active  vent  probably  will  be  within  the  crater  (fig.  22. 1 5) 
or  somewhere  along  the  southwest  rift  zone.  Such  an  eruption  might 
also  occur  at  a Hank  vent,  such  as  that  represented  by  the  Pirooe 
cone  on  the  southwest  side  of  HaleakaJa.  Cindery  ash  on  the 
northeast  flank  of  Haleakala.  northwest  of  Hana,  probably  came 
from  a vent  at  or  near  Puu  Puou  (fig.  22. 16}  This  ash  is  older  than 
a 300-year-old  lava  flow  and  may  be  several  thousand  years  old. 

Three  zones  of  different  ashfall  hazard  on  Maui  (fig.  22.16) 
are  based  on  the  estimated  frequency  and  range  of  thickness  of  future 
ashfalls.  Within  each  ashfall-hazard  zone,  maximum  thicknesses 
should  be  expected  near  the  source  vent,  with  rapidly  decreasing 
thicknesses  at  increasing  distance  downwind.  Zone  I includes  areas 
that  could  be  affected  at  a rate  of  one  ashfall  per  200-500  years 
with  thicknesss  of  I -100  cm.  Zone  2 includes  areas  in  which 
I - 1 00  cm  of  ash  could  fall  less  often  than  once  per  500  years  but 
more  often  than  once  per  1 ,000  years  and  in  which  less  than  I cm  of 
ash  is  expected  once  per  200-500  years.  Zone  3 includes  areas  in 
which  less  than  I cm  of  ash  is  otpected  to  fall  at  an  average  rate  of 
once  per  1 ,000  years.  This  zone  also  includes  areas  in  which  10  cm 
or  more  of  ash  may  fall  at  least  once  per  3,000  years. 

OTHER  VOLCANIC  HAZARDS 

Hazard  zones  are  not  designated  on  Maui  for  pyroclastic 
surges,  volcanic  gases,  ground  fracture  and  subsidence,  or  earth- 
quakes. but  a few  general  statements  can  be  made. 

For  the  purpose  of  pyroclastic -surge  hazard  assessment,  vents 
near  or  beneath  sea  level,  and  those  in  areas  of  high  ground  water 


1 M*30'  i&e«oo 


Figure  22. 16.  — Aabfall-buard  zones  on  HaJeakab  Volcano,  eastern  Maui  See 
text  (or  description  of  the  three  zones.  Lined  areas  indicate  the  southwest  and  east 
rift  zones  of  the  volcano.  Topographic  contours  at  1 .000-1*  intervals 


table,  are  regarded  as  areas  of  potential  hazard  from  pyroclastic 
surges  during  eruptions.  The  most  likely  locations  of  such  vents  are 
near  the  coastline  along  the  two  rift  zones  of  Haleakala.  In  addition, 
eruptions  elsewhere  on  the  windward,  relatively  wet,  northeast  side 
of  Haleakala  are  more  likely  to  be  accompanied  by  explosions  and 
pyroclastic  surges  than  are  eruptions  at  vents  on  drier  parts  of  the 
island.  The  deposits  of  pyroclastic  surges  are  present  on  the  islet  of 
Molokini,  but  have  not  been  recognized  on  Maui. 

The  area  of  greatest  potential  danger  to  human  health  from 
volcanic  gases  probably  is  within  the  crater  of  Haleakala,  because 
the  crater  is  a natural  basin  in  which  heavier -than -air  gases  may  be 
trapped.  The  crater  floor  would  be  a zone  of  relatively  high  gas 
hazard  during  an  eruption.  Gases  erupted  within  the  crater  could 
also  be  carried  by  tradewinds  toward  the  southwest  and  west  slopes 
of  the  volcano. 

Most  future  destructive  earthquakes  on  Maui  probably  will  be 
generated  along  the  Molokai  fracture  zone  (fig.  22. 1 ) and  thus  could 
affect  all  or  most  parts  of  the  island.  For  example,  the  earthquake  of 
1938,  which  had  an  epicenter  about  40  km  north  of  the  island, 
damaged  roads  and  structures  on  both  Maui  and  Molokai  (Mac- 
donald and  Abbott,  1970,  p.  252;  Furumoto  and  others,  1973) 
The  most  likely  area  of  ground  fracture  and  subsidence  in  the 
future  coincides  with  the  crater  and  southwest  rift  zone  of 
Haleakala,  and  these  events  would  most  likely  be  associated  with  an 
eruption.  In  addition,  regional  subsidence  of  possibly  1.7  mm/yr  is 
occurring  on  Maui  (Moore,  chapter  2;  Moore  and  Foman,  1984) 
but  this  directly  creates  a hazard  only  along  a narrow  shoreline  zone. 

VOLCANIC  HAZARDS  ON  THE  OTHER  ISLANDS 
On  islands  other  than  Hawaii  and  Maui,  the  likelihood  of  an 
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eruption  in  the  foreseeable  future  is  so  low  that  no  preparation  seems  ■ 
warranted  unless  premonitory  signs  indicate  an  approaching  erup- 
tion. Each  of  these  other  islands  is  briefly  discussed  in  the  following 
sections. 

KAHOOLAWE 

The  uninhabited  Island  of  Kahoolawr  is  a single  shield  volcano 
with  an  erosionally  breached  caldera  at  its  east  end  (Steams,  1940; 
fig.  22.13)  Deep  weathering  of  rocks  at  the  ground  surface  across 
the  island  (Macdonald  and  Abbott,  1970)  and  a potassium -argon 
age  (Naughton  and  others,  1980)  both  indicate  that  Kahoolawe  lava 
flows  are  one  million  or  more  years  old.  The  most  recent  activity  on 
the  island,  which  is  undated  but  much  younger,  produced  small 
amounts  of  cinders  and  lava  in  the  area  of  the  breached  caldera  at 
Kanapou  Bay  (Macdonald  and  Abbott,  1 970).  The  likelihood  of  a 
future  eruption  on  Kahoolawe  seems  very  low,  but  if  an  eruption 
should  occur,  it  probably  would  produce  a small  amount  of  ash  and 
lava  in  the  Kanapou  Bay  area. 

LANAI 

Lanai  also  is  a single  shield  volcano  (fig.  22. 1 3)l  Potassium- 
argon  ages  of  lava  flows  reported  from  the  island  range  from  about 
1 .46  million  years  before  present  (Bonhommet  and  others,  1977)  to 

700.000  years  before  present  (Naughton  and  others,  1980).  More 
recent  volcanism  has  not  been  recognized,  and  the  likelihood  of 
future  eruptions  on  Lanai  seems  to  be  extremely  low. 

MOLOKAI 

The  Island  of  Molokai  is  formed  chiefly  by  two  large  vol- 
canoes, both  of  which  are  more  than  I million  years  old  on  the  basis 
of  potassium-argon  ages  (McDougall,  1964;  fig.  22.13).  The 
Kalaupapa  Peninsula,  which  projects  4 km  from  the  north  side  of 
the  island,  is  a younger  lava  cone.  Steams  and  Macdonald  (1947) 
noted  that  the  lava  flows  on  the  peninsula  are  locally  overlain  by 
gravel  which  they  thought  was  deposited  by  a stream  graded  to  a 
stand  of  sea  level  7.6  m higher  than  the  present.  This  higher  sea  level 
has  been  dated  at  120,000  years  before  present  on  Oahu  (Ku  and 
others,  1974);  thus,  the  lava  flows  that  form  the  peninsula  seem  to  be 
older  than  120,000  years  before  present.  Three  recent  potassium- 
argon  ages  on  the  Kalaupapa  lava  flows,  between  570,000  and 

344.000  years  before  present,  support  that  age  assessment  (Clague 
and  others,  1982)  Another  vent  appeared,  perhaps  at  about  the 
same  time,  off  the  east  coast  of  the  island.  Explosions  initially  built  a 
small  tuff  cone,  but  they  were  followed  by  the  extrusion  of  lava  flows 
(Macdonald  and  Abbott,  1970,  p.  348) 

Despite  evidence  cited  above  that  the  lava  flows  of  the 
Kalaupapa  peninsula  are  more  than  100.000  years  old,  depth  of 
weathering  on  the  flows  is  less  than  that  on  some  flows  on  the 
southwest  flank  of  Haleakala  that  are  younger  than  25,000  years 
before  present.  This  apparent  discrepancy  has  not  yet  been 
resolved. 
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The  probability  of  future  volcanism  on  Molokai  seems 
extremely  low.  If  eruptions  do  occur,  they  probably  would  originate 
at  vents  at  or  near  the  Kalaupapa  Peninsula  or  off  the  east  end  of  the 
island. 

OAHU 

The  eruptive  activity  that  built  Oahu  occurred  during  three 
major  periods.  Potassium- argon  age  determinations  on  lavas  from 
the  shield  volcano  that  forms  western  Oahu  (fig.  22. 1 7)  range  from 
about  3.5  to  2.74  million  years  before  present,  and  lavas  from  the 
Koolau  Volcano  of  eastern  Oahu  range  in  age  from  about  2.5  to  2 
million  years  before  present  (McDougall,  1964)  A third  eruptive 
period  began  not  long  after  1 million  years  ago,  and  intermittent 
volcanism  continued  at  least  until  about  30,000  years  ago  (Gramlich 
and  others,  1971 ) All  the  vents  active  dunng  the  youngest  period  lie 
southeast  of  a line  between  Pearl  Harbor  and  the  Mokapu  Peninsula 
(figs.  22.17,  22.18)  Some  of  these  eruptions  formed  such  well- 
known  features  as  Punchbowl  and  Diamond  Head  and  produced 
airfall  ash,  lava  flows,  and  pyroclastic-surge  deposits  that  now 
underlie  parts  of  the  Honolulu  metropolitan  area.  One  flow  of  this 
period  originated  at  the  Sugar  Loaf  Crater  on  a ridge  about  3 km 
east -northeast  of  Punchbowl  and  extended  eastward  into  Manoa 
Valley,  where  it  now  underlies  the  University  of  Hawaii  campus  and 
the  Honolulu  suburb  of  Moiliili  (Steams  and  Vaksvik,  1935,  p. 
158)  The  ages  of  these  events  are  not  well  known.  Despite 
previously  reported  potassium-argon  ages  of  about  900,000  and 

100.000  years  before  present  on  the  flow,  Macdonald  and  Abbott 
(1970,  p.  269)  pointed  out  that  the  small  amount  of  weathering  and 
erosion  on  it  suggest  an  age  of  only  a few  thousand  years  before 
present.  Subsequent  age  determinations,  however,  gave  ages  of 

68.000  and  66,000  years  before  present  (Gramlich  and  others, 

1971) 


FIGURE  22. 1 7.  — The  Idand  of  Oahu.  The  Wuur  and  Koolau  Range*  are  each 
deeply  eroded  shield  volcanoes  more  than  2 million  years  old.  The  most  recent 
eruptions  on  Oahu  ortgmaled  at  vent!  located  between  Kalco  Head  and  Manana 
liland. 
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Figure  22.18. — Aenal  view  loutHrutward  acrou  Koko  Crater  (center)  and  Koko  Head  (nght  center)  on  the  Muthrast  coast  of  Oahu.  The  moat  recent 
eruptions  on  Oahu,  between  about  43,000  and  31 ,000  years  ago,  occurred  in  the  area  between  Koko  Head  and  Manana  Island,  which  is  out  of  view  4 bn 
to  the  left  of  thr  photograph. 


The  most  recent  dated  eruptive  activity  on  Oahu,  between 
about  43,000  and  31 ,000  years  ago,  was  concentrated  along  the 
shoreline  in  the  southeastern  most  part  of  the  island  between  Koko 
Head  (figs.  22.17,  22.18)  and  Manana  (Rabbit)  Island. 

The  restriction  of  the  most  recent  eruptions  to  that  part  of  the 
island  suggests  that  if  volcanic  activity  recurs,  it  will  be  located  in  the 
same  general  area,  although  not  necessarily  at  the  same  vents  as 
before.  Eruptions  there,  if  not  affected  by  sea  water,  probably 
would  produce  cindery  ash,  whose  distribution  would  be  predomi- 
nantly to  the  west  and  southwest,  and  perhaps  lava  flows.  Eruptions 
in  areas  at  or  near  sea  level,  or  offshore,  probably  would  be 
explosive  and  throw  large  rock  fragments  to  distances  of  as  much  as 
several  kilometers,  produce  atrfall  ash  that  would  be  earned  down- 
wind. and  create  pyroclastic  surges  (referred  to  as  lateral  blasts  by 
Crandell.  1975).  The  specific  areas  that  could  be  affected  by  these 
events  cannot  be  predicted  now  and  would  not  be  known  until  an 
eruption  began - 

KAUAI  AND  NIIHAU 

I hr  bulk  of  the  Island  of  Kauai  (hg.  22. 1 ) is  formed  of  lava 
flows  whose  potassium-argon  ages  range  from  5.7  to  3.8  million 


years  before  present  (McDougall,  1964).  The  most  recent  eruptive 
activity  occurred  at  about  40  vents  scattered  over  the  eastern  two 
thirds  of  the  island.  These  eruptions  probably  were  spread  over  a 
long  period  of  lime,  and  all  probably  are  older  than  100,000  years 
before  present  (McDougall,  I964)l 

Ages  of  the  lava  Aows  that  form  Niihau  (fig.  22.1)  are  not 
known,  but  even  the  youngest  volcanic  rocks  on  the  island  are  older 
than  the  stand  of  sea  level  that  was  7.6  m above  that  of  the  present 
(Macdonald  and  Abbott,  1970X  and  that  evidently  dates  from 
about  120,000  years  ago  (Ku  and  others,  1974) 

The  absence  of  any  eruptive  activity  on  Kauai  and  Niihau  for 
more  than  100,000  years  indicates  that  the  likelihood  of  future 
eruptions  on  these  islands  is  virtually  nil. 

MITIGATION  OF  VOLCANIC  HAZARDS 

Volcanic  hazards  can  be  mitigated  chiefly  by  avoiding  or 
controlling  the  hazards  and  by  minimizing  their  effects.  Hazards  can 
be  avoided  on  a long-term  basis  by  land-use  zoning  that  prevents 
building  erf  structures  in  areas  of  high  danger.  On  a short-term  basis, 
people  can  be  evacuated  and  some  property  removed  from  threat- 
ened areas  when  an  eruption  is  imminent  or  even  underway.  Control 
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of  hazardous  volcanic  events  generally  is  not  feasible,  although 
diversion  of  some  lava  flows  has  been  at  least  partly  successful. 
Minimizing  effects  by  protective  measures  generally  is  less  useful  for 
lava  flows  than  for  other  volcanic  hazards  such  as  lephra  and 
volcanic  gases. 

Predictions  of  future  eruptions  can  also  help  people  prepare  for 
and  respond  effectively  to  those  events.  Long-range  forecasts  can 
include  hazard  assessments  stating  the  probable  frequency  of  haz- 
ardous events  and  areas  they  could  affect,  based  on  eruptions  of  the 
past . These  forecasts  can  be  accompanied  by  hazard-zonation  maps 
such  as  those  m this  report,  which  show  the  relative  magnitudes  of 
certain  hazards  in  different  areas.  This  information  can  be  used  for 
making  decisions  regarding  both  long- term  land  use  and  short-term 
response  to  eruptions  threatened  or  in  progress. 

Short-range  forecasts  are  based  chiefly  on  geophysical  monitor- 
ing that  measures  the  effects,  especially  earthquakes  and  deforma- 
tion, erf  magma  rising  into  the  volcano.  Such  forecasts  probably  will 
provide  warning  of  impending  eruptions  for  most  if  not  all  lava-flow 
eruptions  in  Hawaii.  Premomtory  signs  of  explosive  eruptions  are 
less  well  known,  but  sudden  or  major  lowering  of  magma  levels, 
especially  at  the  Kilauea  caldera,  should  be  regarded  as  a strong 
danger  signal. 


LAVA  FLOWS 

Avoidance  through  land-use  zoning  and  evacuation  is  virtually 
the  only  way  to  reduce  losses  from  lava  flows.  Areas  in  which  lava- 
flow  hazard  is  high  can  be  zoned  to  restrict  use.  Even  after  eruptions 
have  begun,  flows  can  generally  be  avoided  by  people,  and  enough 
time  often  is  available  to  remove  some  property  from  threatened 
localities. 

Lava  flows  generally  cannot  be  controlled.  Although  some 
diversions  of  lava  flows  have  been  successful,  they  can  raise  legal  and 
social  problems,  and  they  require  favorable  conditions. 

Diversion  or  control  of  flowing  lava  can  be  attempted  by  (I) 
construction  of  barriers  and  diversion  channels;  (2)  use  of  explosives 
to  block  or  divert  lava  streams,  including  those  in  lava  tubes;  and  (3) 
use  of  water  to  cool  and  solidify  lava  flows.  Each  of  these  methods 
can  be  temporarily  effective,  and  its  success  will  ultimately  depend 
on  an  early  end  to  the  eruption.  The  first  two  methods  have  been 
tried  in  Hawaii  with  limited  success,  and  diversion  barriers  have 
recently  been  used  successfully  on  Mount  Etna  in  Italy  (Lockwood 
and  Romano,  I965)l  The  third  method  was  employed  in  1973  at 
Heimaey,  Iceland,  and  helped  prevent  destruction  of  parts  of  a town 
and  harbor. 

Generally,  the  larger  and  more  rapidly  moving  the  lava  flows 
are,  the  more  difficult  it  is  to  control  or  divert  them.  Moreover, 
decisions  to  attempt  to  control  lava  flows  should  be  based  on  many 
factors,  such  as  the  path  and  other  charactenstics  of  the  flow,  the 
type  of  topography  toward  which  it  is  moving,  the  economic  and 
engineering  feasibility  of  control  measures,  and  the  social  and 
economic  value  of  areas  from  which  and  toward  which  the  lava 
would  be  diverted. 


BARRIERS  AND  DIVERSION  CHANNELS 

Even  small  obstructions  such  as  rock  walls  have  changed  the 
course  of  lava  flows;  thus  barriers  are  an  obvious  diversion  tech- 
nique. During  the  1955  and  I960  Kilauea  eruptions,  hastily  erected 
barriers  temporarily  impeded  lava  flows,  although  the  barriers  were 
ultimately  overwhelmed.  Theoretically,  structures  of  sufficient  size 
and  strength  could  be  constructed  to  divert  lava  flows  as  large  as  any 
histone  Hawaiian  flows.  For  such  barriers  to  be  effective,  however, 
wide  and  smooth  channels  would  have  to  be  provided  as  alternate 
paths.  Without  such  channels,  a voluminous  flow  could  thicken 
behind  the  barrier  and  ultimately  either  overflow  or  break  through  it. 

Plans  have  been  proposed  to  protect  the  city  of  Hilo  by 
systems  of  barriers  and  diversion  channels  (Jaggar,  1945;  Mac- 
donald, 1958,  1962).  Their  probable  effectiveness  has  been 
debated  (Wentworth  and  others,  1961 X and  costs  and  commitments 
to  ousting  land  use  apparently  have  prevented  any  such  projects 
from  being  carried  out.  The  1975  eruption  of  Mauna  Loa  renewed 
awareness  of  the  lava-flow  threat  and  led  to  consideration  of  lava 
diversion  plans  (Lockwood  and  Torgcrson,  1980).  Technical  feasi- 
bility is,  however,  only  one  of  the  several  difficult  aspects  of  lava 
diversion.  For  example,  artificial  diversion  of  lava  onto  property  that 
would  otherwise  have  been  spared  could  lead  to  complex  legal  and 
other  problems. 

DISRUPTION  OF  LAVA  CHANNELS  AND  TUBES  BY 
EXPLOSIVES 

Attempts  were  made  in  1935  and  1942  to  divert  Mauna  Loa 
flows  by  bombing,  because  erf  potential  threats  to  Hilo  (Jaggar, 
1936;  Finch  and  Macdonald,  1949;  Macdonald,  1958)  It  was 
reasoned  that  if  a lava  tube  or  channel  were  breached  or  blocked 
near  its  source,  the  advancing  lava  front  would  lose  its  source  of 
supply,  and  the  flow  would  hah.  Lava  issuing  from  any  breach 
would  then  have  to  build  a new  channel  and  tube  system  before  a 
flow  would  again  reach  the  former  front,  and  dunng  this  time  the 
eruption  might  come  to  a stop.  The  bombings  of  1935  and  1942 
demonstrated  the  potential  of  this  method,  but  the  eruptions  stopped 
before  the  method  had  been  fully  tested.  New  plans  for  use  of 
explosives  to  divert  lava  flows  were  developed  after  the  1975  Mauna 
Loa  eruption  (Lockwood  and  Torgerson,  1980) 

Attempts  to  divert  high-volume,  rapid  flows  might  be  ineffec- 
tive, especially  those  which  are  not  confined  to  channels  or  tubes, 
such  as  the  voluminous  flows  from  the  southwest  rift  zone  of  Mauna 
Loa  dunng  the  early  part  of  the  1950  eruption. 

COOLING  LAVA  FLOWS  WTTH  WATER 

During  early  1973,  lava  flows  on  the  island  of  Heimaey, 
Iceland,  were  advancing  into  the  town  of  Veslmannaeyjar  and 
threatening  its  harbor.  Because  a small-scale  test  indicated  that  water 
sprayed  on  the  flow  front  cooled  the  lava  sufficiently  to  impede  its 
advance,  huge  pumps  and  large  quantities  of  plastic  pipe  were  used 
to  implement  the  method  on  a large  scale  (Williams  and  Moore, 
1973;  Einarsson,  1974)  As  seawater  was  pumped  from  the  harbor 
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and  sprayed  onto  the  flow,  the  chilled  lava  formed  a bamer  behind 
which  new  lava  accumulated.  The  barrier  eventually  became  high 
enough  and  strong  enough  to  divert  the  oncoming  lava  into  a new 
path,  away  from  the  town  and  harbor. 

Such  a technique  might  be  feasible  in  Hawaii  on  relatively  low- 
volume  flows  dose  to  sea  level.  Plastic  pipes  enabled  the  water- 
delivery  system  on  Heimaey  to  be  moved  readily  in  response  to 
changing  needs;  such  pipes,  however,  could  not  withstand  the  high 
pressures  if  water  were  to  be  delivered  more  than  a few  tens  of  meters  | 
above  sea  level.  Even  with  such  limitations,  this  technique  might 
prove  to  be  valuable  under  favorable  conditions. 

Protection  from  the  effects  of  lava  flows,  other  than  by  such 
methods  of  diversion  or  control,  is  generally  not  feasible.  An 
individual  lava  flow  will  have  roughly  the  same  effects  all  the  way 
from  its  source  to  its  terminus,  and  attempts  to  protect  buildings  and  | 
other  structures  from  the  hot,  crushing  lava  generally  are  not  j 
effective. 

Long-term  forecasts  of  the  location  of  high- hazard  areas  can 
facilitate  selection,  before  as  well  as  during  eruptions,  of  areas 
suitable  for  various  uses,  such  as  relatively  safe  evacuation  routes.  In 
addition,  short-term  forecasts  of  eruptions  can  almost  always 
provide  warnings.  Even  after  lava -flow  eruptions  have  begun,  time 
generally  is  available  to  carry  out  evacuation  plans. 

TEPHRA  FALLS 

It  is  not  possible  to  prevent  widespread  distribution  of  tephra, 
but  hazard-zone  maps  can  be  used  for  choosing  sites  for  specific  uses 
that  avoid  areas  of  high  hazard  from  tephra  falls.  Even  after  a 
tephra-producing  eruption  has  begun,  areas  sometimes  can  be 
evacuated,  and  its  effects  can  be  effectively  reduced  for  people  who 
remain.  People  close  to  a vent  during  a tephra  eruption  should  move 
upwind  of  the  vent  if  possible;  if  they  cannot,  they  should  find 
suitable  cover  to  prevent  death  or  injury  from  falling  fragments. 
Most  other  adverse  effects  can  be  decreased  by  placing  damp  or 
even  dry  cloths  over  noses  and  mouths  to  screen  out  ash  particles. 
Structures  in  high-hazard  zones  can  be  designed  to  withstand 
impacts  and  loads  imposed  by  falling  material.  In  addition,  airtight 
construction  and  filtering  systems  can  reduce  the  likelihood  that  dust- 
nzed  particles  will  infiltrate  structures  and  mechanized  equipment. 

PYROCLASTIC  SURGES 

The  principal  mitigative  action  for  pyroclastic  surges  is  to  avoid 
them.  Evacuation  must  be  accomplished,  however,  before  surge- 
forming eruptions  occur,  because  pyroclastic  surges  move  so  rapidly 
that  escape  is  not  possible  after  they  have  begun. 

Control  of  surges  is  not  possible,  although  they  can  be  deflected 
by  natural  barriers.  Partial  protection  from  the  effects  of  surges  is 
also  possible  but  limited.  Structures  in  areas  of  high  hazard,  for 
example,  could  be  designed  to  withstand  pyroclastic  surges  typical 
of  Hawaiian  volcanoes.  Because  many  surges  extend  only  short  | 
distances  and  become  less  severe  near  their  margins,  the  chances  of  ‘ 
surviving  them  increase  rapidly  with  increasing  distance  from  the 


source  vent.  The  people  killed  by  a probable  pyroclastic  surge  from 
Kilauea  m 1790  were  not  seriously  burned  or  battered,  and  they 
probably  died  from  breathing  hot  air  laden  with  volcanic  gas  and 
ash.  People  overrun  by  a pyroclastic  surge  could  improve  their 
chances  of  survival  by  finding  any  shelter,  such  as  a vehicle,  to 
reduce  the  effects  of  blast  and  impact.  In  addition,  use  of  a filter 
could  be  critical  because  breathing  of  hot  gas  and  ash  is  especially 
dangerous.  A wet  mask,  clothing,  or  any  other  material  that  could 
Alter  ash  and  cool  the  air  inhaled  could  be  especially  valuable. 

VOLCANIC  GASES 

Effects  of  gas  can  be  minimized  by  selecting  building  sites  in 
zones  of  low  hazard,  and  serious  short-term  effects  can  be  avoided 
by  evacuating  some  areas  during  periods  of  strong  gas  emission. 
However,  gas  probably  cannot  be  completely  avoided  anywhere  on 
the  southern  two-thirds  of  the  Island  of  Hawaii.  The  emission  or 
distribution  of  gas  cannot  be  controlled. 

For  personal  safety,  topographic  depressions  near  erupting 
vents  should  be  avoided  to  eliminate  the  possibility  of  being  overcome 
by  odorless  gases  that  are  heavier  than  air.  Persons  with  heart  or 
respiratory  ailments  should  avoid  areas  where  concentrations  of 
volcanic  gas  are  possible.  A Altering  mask  or  damp  cloth  held  over 
the  face  can  reduce  the  effects  of  sulfur- bearing  gas  and  temporarily 
lessen  discomfort  (see  Wilcox,  1952,  p.  443).  No  method  is  known, 
however,  to  eliminate  gas  damage  to  vegetation  and  mechanic aJ 
equipment. 

GROUND  FRACTURES  AND  SUBSIDENCE 

Ground-fracture  and  subsidence  hazards  to  people  or  struc 
tures  can  be  avoided  only  by  staying  away  from  areas  in  which  they 
might  occur,  for  the  hazards  cannot  be  controlled  and  generally 
cannot  be  economically  minimized.  The  minor  danger  to  people 
represented  by  these  hazards  can  generally  be  avoided  by  using  care 
in  the  areas  affected.  People  living  or  working  in  fracture-  and 
subsidence-prime  areas  should  be  wary  of  large  open  cracks, 
especially  when  leaving  established  trails  or  in  heavily  vegetated 
areas.  Damage  to  structures  rarely  is  catastrophic,  but  fractures 
with  differential  movements  of  more  than  a few  tens  of  centimeters,  or 
signiAcant  tilting  from  subsidence,  could  destroy  some  buildings. 
Thus,  facilities  that  have  unusual  value  or  that  are  essential  to  pubbe 
health  and  safety  should  not  be  built  in  areas  where  these  hazards  are 
high.  Structures  could  be  designed  to  resist  fractures,  but  design  to 
resist  effects  of  tilting  or  submergence  from  subsidence  probably  is 
not  economically  practical. 

The  frequency  of  ground  fracturing  and  subsidence  and  the 
localities  that  are  susceptible  can  generally  be  predicted,  and  specific 
sites  could  be  studied  to  determine  the  local  magnitude  of  hazard. 


EARTHQUAKES 

Potential  damage  from  strong  earthquakes  is  widespread  in 
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Hawaii  and  cannot  be  avoided,  especially  on  the  Island  of  Hawaii, 
blit  future  damage  could  be  reduced  by  land-use  zoning  and  by 
earthquake-resistant  design  and  construction.  Areas  can  be  avoided 
that  are  on  or  near  steep  slopes  that  could  fail  during  earthquakes. 
Some  areas  that  are  underlain  by  materials  susceptible  to  ground  i 
failure  during  earthquakes  are  shown  on  maps  (Buchanan -Banks, 
1983).  Similarly,  some  areas  could  be  identified  in  which  structures 
could  be  damaged  by  the  amplification  of  ground  motion  during 
earthquakes.  Construction  in  such  areas  can  be  regulated  by  zoning 
or  other  measures  where  appropriate,  and  structures  can  be  designed 
to  resist  damage  from  future  earthquakes.  Assessments  of  the 
magnitudes  and  frequency  of  future  earthquakes,  and  of  effects  of 
past  earthquakes  (see  Buchanan-Banks,  chapter  44,  and  references 
therein  X can  contribute  to  decisions  regarding  appropriate  future 
land-use  and  building  requirements. 

TSUNAMIS 

Zoning  to  avoid  tsunamis  would  require  restricting  land  use 
along  all  the  coastlines  of  the  Hawaiian  Islands,  areas  that  are  now 
intensively  utilized  few  commercial,  residential,  and  recreational 
purposes.  Nevertheless,  avoiding  tsunamis  through  site  selection  for 
critical  facilities,  tsunami-resistant  construction,  and  evacuation 
plans  all  could  be  effective  for  minimizing  future  losses.  Zoning,  for 
example,  could  restrict  land  uses  along  the  coasts  to  those  judged  to 
be  compatible  with  the  tsunami  hazard,  and  structures  can  be 
designed  to  resist  the  forces  from  tsunamis  of  predicted  size.  In 
addition,  tsunami  warnings  often  can  be  made  in  time  to  evacuate 
threatened  coastal  zones. 

At  present,  the  International  Tsunami  Information  Center  in 
Honolulu  is  alerted  whenever  potentially  dangerous  waves  are 
generated  by  an  earthquake  anywhere  in  the  Pacific  region,  and 
warnings  are  issued  when  appropnate.  Low-lying  areas  generally 
can  be  evacuated  before  tsunamis  from  distant  sources  arrive. 
Tsunami-hazard  zones  on  most  islands  are  shown  in  telephone  books 
in  Hawaii,  and  people  could  choose  in  advance  what  routes  to  use  in 
leaving  threatened  areas.  People  should  be  aware,  however,  that 
tsumanis  could  conceivably  extend  beyond  some  of  the  zones  shown 
in  telephone  books,  and  they  should  be  prepared  to  move  farther 
inland  or  to  higher  ground  if  a large  tsunami  is  predicted. 

If  a tsunami  were  generated  locally,  time  might  be  too  short  for 
an  official  warning  to  be  effective.  Thus,  any  earthquake  strong 
enough  to  make  standing  difficult  can  be  taken  as  a warning  that  a 
tsunami  may  soon  follow,  and  people  along  shorelines  should  imme- 
diately move  inland  or  to  higher  ground. 

FUTURE  VOLCANIC  ACTIVITY 

Future  eruptions  can  be  expected  a!  several  volcanoes  in 
Hawaii,  and  they  will  occur  most  frequently  at  Kilauea  and  Mauna 
Loa.  Hie  historical  record  suggests  that  no  more  than  about  3 years 
will  elapse  without  an  eruption  at  one  or  the  other  of  those  two 
(Klein,  1982).  Lava  will  be  emitted  chiefly  from  vents  in  the  summit 
areas  and  along  rift  zones,  but  almost  all  parts  of  both  volcanoes  can 


be  affected  by  lava  flows.  Based  on  historical  records,  about  5-10 
percent  of  Kilauea  and  Mauna  Loa  could  be  covered  during  any  50- 
year  period.  Although  wide  fluctuations  can  be  expected  in  eruptive 
rates  from  one  decade  to  another,  the  overall  rates  likely  will  remain 
about  the  same.  It  is  not  possible,  however,  to  predict  where  the  not 
eruptive  centers  will  be,  how  frequent  or  copious  eruptions  will  be  in 
a specific  area,  or  which  specific  areas  will  be  covered  by  lava. 

Hie  volcanic  activity  along  Kilauea's  east  rift  zone  in  historical 
time  illustrates  a difficulty  in  using  the  short  historical  record  to 
predict  future  activity  in  a specific  area.  Between  1800  and  1950, 
approximately  2 percent  of  the  eastern  flanks  of  the  volcano  had  been 
covered  by  lava  from  the  east  rift  zone.  In  1950,  the  probability 
based  on  these  figures  that  a site  in  that  region  would  be  covered 
would  have  been  0.013  percent  per  year.  However,  between  1950 
and  1975  about  8 percent  of  Kilauea’s  east  flank  was  covered  by 
lava,  and  so  the  coverage  in  that  interval  was  actually  about  0.32 
percent  per  year.  Estimates  of  future  coverage  may  be  no  more 
accurate. 

Mapping  and  dating  of  prehistoric  lava  flows  also  show  that 
rates  of  burial  have  also  varied  widely  in  recent  prehistoric  time  on 
both  Kilauea  and  Mauna  Loa.  Overall  rales  of  burial  have  changed 
markedly  on  Mauna  Loa  since  1868  (Lockwood  and  Lip  man, 
chapter  18;  Lipman,  1980);  areas  of  high  buna!  rates  have  switched 
from  one  flank  of  Kilauea  to  another  at  various  limes  within  the  last 
500  years  (Holcomb,  chapter  12;  Holcomb,  1979).  Accurate 
predictions  of  short-term  probabilities  of  lava-flow  coverage  for  any 
specific  area  clearly  are  not  yet  feasible. 

Although  lava  flows  are  the  most  common  volcanic  hazard  on 
Mauna  Loa  and  Kilauea,  explosive  eruptions  almost  certainly  will 
occur  in  the  future.  Two  large  explosive  eruptions  that  produced 
pyroclastic  surges  have  occurred  within  the  last  2,000  years  (Decker 
and  Christiansen,  1984),  and  another  in  the  future  is  a distinct 
possibility.  While  the  hazard  from  such  eruptions  may  seem  small 
because  of  their  infrequency,  the  potential  threat  to  life  should  not  be 
ignored. 

Accurate  statements  of  probabilities  for  frequency  of  eruptions 
or  rate  of  burial  by  lava  at  HuaJalai  are  not  yet  possible.  However, 
at  least  four  major  eruptions  have  occurred  at  this  volcano  in  the  last 

1.000  years  (Moore  and  others,  chapter  20;  Moore  and  others, 
1979).  The  lava  flows  from  Hualalai  in  1800-1801  were  volu- 
minous and  highly  fluid,  but  late  prehistoric  explosive  eruptions  near 
the  summit  buih  many  large  cinder  and  spatter  cones.  Future 
eruptions  likely  will  originate  both  in  the  summit  area  and  along  the 
northwest  and  southeast  rift  zones,  and  some  areas  downslope  from 
active  vents  will  be  buried  by  lava  flows. 

Neither  Mauna  Kra  nor  Kohala  has  been  active  during  mans 
occupation  of  Hawaii.  Mauna  Kra  has  erupted  within  the  last 

5.000  years,  however,  most  recently  about  3,600  years  ago  (Porter, 
I973X  and  it  probably  will  erupt  again.  Future  eruptions  of  Mauna 
Kea  will  probably  be  accompanied  by  mild  to  moderate  explosive 
activity,  producing  ash  and  cinders  that  will  build  cones  similar  to 
those  on  its  summit  area  and  upper  flanks,  and  produce  ash  deposits 
adjacent  to  the  cones.  Ash  from  such  eruptions  might  drift  for  tens  of 
kilometers  downwind.  If  lava  flows  were  erupted,  they  probably 
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would  be  relatively  viscous  and  thick  and  would  not  travel  more  than 
a few  kilometers  from  their  sources.  All  the  most  recent  eruptions 
have  occurred  at  elevations  above  about  2,000  m,  and  future  activity 
on  Mauna  Kea  would  most  likely  also  originate  on  the  upper  part  of 
the  mountain. 

Kohala  is  less  likely  to  erupt  in  the  near  future  than  is  Mauna 
Kea.  The  youngest  flow  of  Kohala,  a single  flow  that  occurred  long 
after  the  major  growth  of  the  volcano,  has  been  dated  at  about 
60.000  years  before  present  (Me  Doug  all  and  Swanson,  1 972). 
The  probability  of  future  activity  of  this  volcano  is  very  low 
compared  to  that  for  other  volcanoes  on  the  Island  of  Hawaii. 

On  Maui,  Haleakala  Volcano  has  been  quiet  for  nearly  two 
centuries,  yet  the  inferred  average  rate  of  eruptions  on  the  volcano  as 
a whole  has  been  nearly  I per  100  years  during  the  last  1 .000  years 
(Crandell,  1 983X  This  eruptive  history  suggests  that  an  eruption 
could  occur  somewhere  on  Haleakala  within  the  next  100  years. 
Recent  eruptions  have  been  most  frequent  within  the  crater  and 
along  the  southwest  rift  zone,  so  one  or  the  other  of  these  areas  seems 
to  be  the  most  likely  location  of  the  not  eruption,  but  there  is  as  yet 
no  way  to  predict  its  speahe  time  or  place. 

Future  eruptions  on  Oahu  and  other  islands  are  possible,  but 
are  likely  to  be  so  infrequent  and  scattered  that  preparation  for  such 
eruptions  does  not  seem  warranted  now. 
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RETROGENESIS  AND  VOLCANIC  GASES 


Petrologic  and  geochemical  studies  come  alive  in  Hawaii 
because  such  processes  as  igneous  differentiation  and  exsolution  of 
volatile  species  in  magma  can  be  studied  as  they  happen.  Many 
igneous  processes  can  in  fad  be  quantitatively  understood  only 
through  direct  observation  of  igneous  events.  Such  events,  accu- 
rately delineated  in  time  and  space  in  turn,  constrain  deeper  proc- 
esses related  to  the  construction  of  Hawaiian  volcanoes.  I he  lirst 
chapter  in  this  section  gives  an  overview  of  what  we  have  learned 
about  the  petrogcnesis  of  I lawaiian  volcanoes,  with  an  emphasis 
on  the  contributions  made  by  studies  of  active  volcamsm. 

I he  second  and  third  chapters  provide  petrologic  observa- 
tions on  recent  volcanic  activity;  chapter  25,  combined  with 
chapter  48  in  the  section  on  dynamics,  provides  fascinating  insights 
into  one  of  kilaucas  most  famous  eruptions,  the  1959  eruption  in 
kilauea  Iki  Crater.  Chapters  26  and  27  address  one  of  the  most 
fundamental  problems  of  I lawaiian  petrology — the  characteriza- 
tion of  mantle  sources  for  Hawaiian  magma. 

Chapters  28  through  14  treat  comprehensively  the  study  of 
volatile  species  associated  with  active  I lawaiian  volcanism,  includ- 
ing a report  on  the  first  systematic  collection  of  gases  during  an 
eruption  of  Maunn  Loa.  Chapter  54  outlines  a new  technique  for 
rapid  transmission  of  data  from  gas  monitoring.  Hie  section  closes 
with  an  interdisciplinary  study  of  elemental  mercury,  tracing  its 
path  from  volcanic  emanations,  through  concentration  in  plants,  to 
possible  effects  on  human  health. 
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RECENT  ADVANCES  IN  HAWAIIAN  PETROLOGY  AND  GEOCHEMISTRY 

By  Thomas  L.  Wright  and  Rosalind  T.  Helz 


ABSTRACT 

Hawaiian  petrology  continues  to  be  a subject  of  great 
scientific  interest.  Several  developments  over  the  last  three 
decades  have  substantially  increased  our  knowledge  of  the 
processes  by  which  basaltic  magma  is  generated  in  the  mantle, 
transported  to  storage  in  the  crust,  and  erupted  onto  the  sur- 
face. Significant  areas  of  study  include  the  following: 

(1)  Active  volcanism  at  Kilauea  Volcano,  including  the 
study  of  lava  lakes  ponded  in  pit  craters.  Lava  lakes  have 
provided  natural  laboratories  in  which  numerous  petrologic 
processes  associated  with  cooling,  crystallization,  and  differen- 
tiation of  basaltic  magma  have  been  quantified.  The  detailed 
study  of  Kilauea  lava  chemistry  in  time  and  space  has  resulted  in 
recognition  of  other  petrologic  processes,  including  storage  of 
chemically  distinct  mantle-derived  magma  batches  and  mixing 
of  these  parental  magma  batches  with  magma  stored  and  frac- 
tionated in  the  rift  zones.  Geodetic  and  seismologic  studies  at 
Kilauea  have  been  critical  in  establishing  a context  in  which  the 
petrologic  data  can  be  evaluated.  One  unsolved  question  is  the 
source  of  magma  for  each  active  volcano.  Seismic  evidence 
suggests  a common  staging  area  at  40  km  depth,  whereas 
petrologic  studies  show  that  each  active  volcano  has  unique 
chemical  characteristics,  indicating  isolated  storage  regions. 

(2)  Detailed  study  of  the  recently  discovered  Loihi  Sea- 
mount, the  newest  volcano  in  the  Hawaiian  Chain,  has  revealed 
a preshield  alkalic  stage  similar,  but  not  identical,  to  the 
postshield  alkalic  stages  on  the  subaerial  volcanoes. 

(3)  Detailed  stratigraphic  studies  of  individual  volcanoes, 
using  major  element  chemistry,  trace-element  chemistry,  and 
radioactive- isotope  systems,  show  diversity  of  chemical  evolu- 
tion in  each  volcano  in  the  chain,  particularly  within  the  alkalic 
stage  that  follows  construction  of  a tholeiitic  shield.  There  is 
also  diversity  in  the  chemical  and  isotopic  relations  linking 
shield  lava  to  postshield  lava.  The  combined  isotopic  and  chemi- 
cal data  has  revealed  significant  complexity  in  the  source  mantle 
for  Hawaiian  lava,  both  within  the  stratigraphic  record  of  a 
single  volcano  and  among  different  volcanoes. 

(4)  The  origin  of  Hawaiian  magma,  as  defined  by  depth  and 
degree  of  partial  melting,  enriched  versus  depleted  sources,  and 
mineralogy  of  the  source  mantle,  is  unresolved  at  present.  The 
increasing  amount  of  data  indicates  a need  for  more  definition 
of  the  structure  and  composition  of  the  Earth's  mantle  from 
such  diverse  disciplines  as  seismic  tomography  and  the  experi- 
mental physics  of  melting  and  melt  transport. 

Finally,  all  models  that  address  the  origin  of  the  Hawaiian 
Islands,  whether  geochemical  or  geophysical,  need  to  take  into 
account  the  constraints  imposed  by  seismic,  geodetic,  and 
petrologic  studies  of  the  active  volcanoes  in  the  chain. 

INTRODUCTION 

The  Hawaiian  Islands  occupy  a unique  place  in  igneous 
petrology.  Early  in  the  development  of  the  science  Hawaii  was 


recognized  as  a locale  of  petrologic  significance,  partly  because  of  its 
active  and  approachable  volcanoes,  partly  because  of  its  location  in 
the  middle  of  the  Pacific  Ocean — uncomplicated  by  the  presence  of 
other  kinds  of  terrain — and  finally  because  of  the  wide  variety  of 
volcanic  rock  types  available  for  study.  Long  before  the  recognition 
of  plate  tectonics,  the  Hawaiian  Islands  were  recognized  from  the 
degree  of  erosion  and  the  location  of  volcanic  activity  as  having 
formed  in  an  orderly  progression  from  northwest  to  southeast.  J.D. 
Dana  saw  that  the  islands  were  distributed  in  a way  that  defined 
parallel,  but  offset,  segments  that  he  related  to  tectonic  controls  (see 
Ciague  and  Dalrymple,  chapter  I , part  I).  Early  visitors  to  Kilauea 
outlined  in  vivid  descriptions  the  general  nature  of  Hawaiian  erup- 
tions, and  early  visits  to  the  bubbling  lava  at  Hakmaumau  resulted 
in  gas  collections  that  still  rank  among  the  best  ever  obtained  from  an 
active  volcano  (Greenland,  chapter  28)l 

With  the  advent  of  plate  tectonics,  the  Hawaiian  Chain  became 
a classic  example  of  midplate  vokanism.  The  orderly  progression  of 
volcanism  was  quantified  by  radiometric  dating,  and  the  historical 
development  was  extended  by  recognition  that  the  chain  continued  to 
the  northwest  past  Midway  Island,  defined  by  long  submerged 
seamounts  of  the  Emperor  Chain  (sec  Ciague  and  Dalrymple, 
chapter  I , part  \\  These  seamounts  were  also  sampled  as  part  of  the 
Deep  Sea  Drilling  Project,  and  subsequent  study  revealed  a 
remarkable  uniformity,  starting  about  70  Ma,  of  both  the  rate  of 
progression  of  volcanism  and  of  the  products  of  vokanism.  For 
example,  tholeiitic  basah  from  the  69-Ma  Suiko  Seamount  (Ciague 
and  Dalrymple,  chapter  I , part  I)  is  geochemically  similar  to  basalt 
presently  being  erupted  at  Kilauea  and  Mauna  Loa  (Ciague  and 
Frey,  1980;  Kirkpatrick  and  others.  1980X 

Earlier  land-based  studies  by  numerous  workers,  notably 
H.S.  Steams  and  G.A.  Macdonald,  had  identified  a sequence  of 
compositional  changes  in  the  building  of  Hawaiian  vokanoes  that 
appeared  to  be  the  same,  although  not  always  complete,  in  each 
studied  volcano  (Ciague  and  Dalrympk,  chapter  I,  part  I;  Mac- 
donald and  others,  I983X  From  these  studies  each  Hawaiian 
i volcano  was  inferred  to  pass  through  the  following  stages:  (I)  An 
early  and  voluminous  tholeiitic  stage  that  constructed  huge  shields 
rising  from  the  ocean  floor,  exemplified  by  the  active  volcano  Mauna 
Loa;  (2)  a period  of  much  less  voluminous  alkalic  volcanism.  forming 
, a small  cap  of  mildly  undersaturated  alkalic  lava  on  the  tholeiitic 
shield,  for  example,  the  younger  lava  of  Mauna  Kea;  (3)  a period  of 
erosion,  which  has  been  determined  to  be  0.5-2  m.y.  long,  in  which 
the  volcanic  mass  above  sea  level  was  thoroughly  dissected;  and  (4)  a 
period  of  basanitic  or  ncphelinitic  volcanism  following  the  erosion  of 
the  old  shield.  The  famous  Oahu  landmark  Diamond  Head  is  the 
product  of  eruption  in  this  last  period.  Ilus  framework  has  been 
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modified  as  more  volcanoes  have  been  sampled  and  studied  in  detail. 
For  example,  work  on  Loihi  Seamount  has  identified  a preshield 
alkalic  stage  (Clague,  in  press).  In  no  single  volcano  are  all  stages 
fully  represented.  Nephelinitic  volcanism  is  rare,  but  well  developed 
series  are  presented  on  Kauai  (Koloa  Volcamcs)  and  in  the  Koolau 
Range  on  Oahu  (Honolulu  Volcanics)  The  Kiekie  Basalt  on 
Niihau  (which  includes  Lehua  Island,  Macdonald  and  others, 
1963)  and  some  of  the  Leeward  Islands  (Kaula,  Macdonald  and 
others,  1963)  may  include  nephelinitic  rocks.  The  latest,  most 
undersaturated  rocks  to  the  southeast  are  not  separated  from  the 
earlier  alkalic  series  by  nearly  as  long  an  interval  of  erosion 
(<500,000  years  versus  2 m.y.  for  Kauai  and  Oahu)  and  are 
basanites,  not  nep  he  Unites.  The  volcanoes  that  have  a nephelinitic 
series  show  very  little  development  of  an  earlier  mildly  alkalic  series, 
whereas  the  basanites  (the  Lahaina  Volcanics  on  West  Maui 
Volcano,  the  Hana  Volcanics  on  Haleakala  Volcano)  tend  to 
overlie  a lower,  more  mildly  alkaUc  series.  In  this  paper  we  will  use 
the  terms  wnepheUnitic  senes”  to  describe  the  truly  posterosional 
rocks,  bearing  in  mind  that  these  rocks  range  in  composition  from 
alkali  basalt  through  true  nephclimtrs,  and  “upper  alkalk  series"  for 
the  rocks  of  other  volcanoes  that  show  a lesser  erosional  break. 

The  older  Hawaiian  volcanoes  can  be  subdivided  into  groups 
on  the  basis  of  variations  in  the  character  of  the  mildly  alkalic  rock 
series  present.  This  subdividing  was  first  done  by  Macdonald  and 
Katsura  (1964),  who  recognized  a Haleakala  type  and  Kohala 
type.  Further  study  suggests  four  significant  variants: 

(1 ) Haleakala  type:  characterized  by  a thick,  transitional  zone 
of  interbedded  tholeiite,  transitional  basalt,  and  ankaramite  overlain 
by  hawaiite  and  mugearite.  Most  analyzed  alkali  basalt  in  this  type 
is  sUghtly  hypersthene-normative.  Other  volcanoes  of  this  type  are 
Mauna  Kea  (Macdonald  and  Katsura,  1964)  and  Fast  Molokai 
(Beeson.  1976) 

(2)  Kohala  type:  mafic  alkalic  rocks  are  subordinate.  The 
dominant  rock  types  are  hawaiite  and  mugearite,  which  form  a thin 
cap  of  lava  that  was  erupted  from  vents  scattered  around  the 
tholeiitic  shield.  Trachyte  may  be  present.  As  in  the  first  type,  alkali 
basalt  m these  alkalic  series  is  slightly  hypersthene-normative.  Other 
examples  are  Waianae,  West  Molokai,  and  West  Maui  (Macdonald 
and  Katsura.  1964) 

(3)  Hualalai  type:  charactenzed  by  an  almost  bimodal  suite  of 
nepheline-normative  alkali  basalt  and  trachyte  (Macdonald,  1966; 
Clague  and  others,  I960).  No  other  representatives  of  this  type  are 
known. 

(4)  Koolau  type:  mildly  alkalic  scries  is  either  absent,  or 
present  only  as  a few  flows  at  the  top  of  the  tholeiitic  sequence. 
Other  examples  arc  l.anai  (Bonhommet  and  others,  1977)  Kauai, 
Niihau.  and  KahooJawe  (Macdonald  and  others,  I983X 

The  distnbution  of  these  various  types  of  Hawaiian  volcanoes 
is  not  random.  All  the  volcanoes  are  distributed  on  several  locus  lines 
(fig.  23. 1 X Two  locus  lines  are  defined  for  the  southeastern  islands  of 
the  Hawaiian  Chain:  the  Loa  fine,  passing  through  Mauna  Loa. 
and  the  Kea  line,  passing  through  Mauna  Kea  (fig.  23.1)  When 
looking  at  figure  23.1  with  the  above  classification  in  mind,  two 
features  stand  out.  First,  adjacent  volcanoes  are  almost  always  of 
different  types.  Second,  some  types  occur  only  on  the  Loa  or  Kea 


I locus.  For  example,  the  Haleakala  type  is  found  only  on  the  Kea 
locus,  and  the  Koolau  type  only  on  the  Loa  locus.  The  existence  of 
the  four  subtypes  suggests  that  the  groups  result  from  significant 
I differences  in  either  source  or  plumbing,  or  both.  The  observations 
on  the  spatial  array  further  suggest  that  adjacent  volcano  sources 
interact  in  some  fashion  at  this  stage  in  the  volcanos  development  and 
that  consistent  differences  in  source  may  exist  between  the  Loa  and 
Kea  locus  lines.  The  latter  possibility  is  supported  by  the  trace- 
element  data  of  Budahn  and  Schmitt  (1965)  on  tholeiitic  basalt  from 
the  Hawaiian  volcanoes.  Also,  some  correlation  may  exist  between 
these  four  types  and  the  nature  of  the  various  later  alkalic  rock  series. 
In  particular,  the  nephelinitic  senes  has  so  far  been  observed  only  on 
Koolau -type  volcanoes,  found  on  the  Loa  locus.  A more  thorough 
examination  of  the  upper  alkalic  series,  seen  mostly  on  Haleakala  - 
and  Kohala- type  volcanoes  on  the  Kea  locus,  may  reveal  other 
differences  between  the  various  late  alkalic  series  that  correlate  either 
with  volcano  type  or  location. 

In  the  last  two  decades,  our  understanding  of  Hawaiian 
volcanism  has  been  greatly  expanded  as  a result  of  the  following 
important  studies:  (I)  Detailed  seismic,  geodetic,  and  petrologic 
studies  of  Kilauea,  conducted  at  the  Hawaiian  Volcano  Observ- 
atory, have  provided  quantitative  data  on  the  processes  of  cooling, 
crystallization,  and  differentiation  of  tholeiitic  basalt,  and  an  under- 
standing of  how  tholeiitic  magma  is  transported  and  stored  during 
construction  of  an  Hawaiian  shield;  (2)  the  discovery,  first  by 
bathymetry,  and  secondly  by  seismic  swarms  and  dredging,  of  an 
active  undersea  Hawaiian  volcano — the  Loihi  Seamount — con- 
firmed the  continued  southeastward  progression  of  Hawaiian  vol- 
cani&m  and,  more  importantly,  overturned  ideas  about  the  uniformity 
of  the  tholeiitic  stage  of  volcanism;  (3)  modem  petrologic  and 
geochemical  studies  of  volcanoes  in  the  Hawaiian  Chain  in  all  stages 
of  development  have  been  definitive  in  establishing  the  nature  of 
oceanic  midplate  volcanism  and  the  complexities  that  can  occur  in 
even  this  most  simple  of  geologic  settings;  and  (4)  the  study  of 
xenoliths,  high  pressure  phase  relations,  and  seismic  structure  of  the 
Earth  have  yielded  insights  into  the  structure  of  the  Earths  mantle 
beneath  the  oceans.  These  four  topics  are  emphasized  in  this 
overview.  The  first  topic  will  be  covered  in  detail;  the  others  will  be 
largely  referenced  to  recent  literature  and  to  other  comprehensive 
papers  in  these  volumes. 
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THOLEIITIC  VOLCANISM: 

WHAT  HAVE  WE  LEARNED? 

Modem  petrologic  study  of  Hawaiian  volcanoes  began  in  the 
1940s  and  1950s  with  G.A.  Macdonald's  work  on  the  develop- 
ment of  Hawaiian  volcanoes  and  his  analyses  of  the  different  lava 
types  (Macdonald  and  Kalsuura,  I964X  with  H.A.  Powers' 
(1955)  recognition  that  olivine  played  a dominant  role  in  tholeiitic 
differentation,  and  with  the  work  of  Filley  and  Scoon  (I96IX 
emphasizing  chemical  and  mineralogjc  distinctions  between  lava 
from  Kilauea  and  lava  from  Mauna  Loa.  Iliese  workers  established 
that  Hawaiian  tholeiite  ranges  in  composition  from  about  5.5  to  20 
percent  MgO,  that  lava  with  over  7 percent  MgO  had  magnesian 
olivine  as  the  dominant  phcnocryst,  that  lava  with  less  than  7 percent 
MgO  had  augite  and  plagioclase  in  addition,  and  that  Mauna  Loa 
was  distinguished  from  Kilauea  by  the  presence  of  hypersthene,  in 
combination  with  all  three  of  the  other  silicate  phases.  Powers  and 
Tilley  had  both  demonstrated  that  once  the  chemical  signature  of 
olivine  addition  or  subtraction  has  been  removed,  different  tholeiitic 
volcanoes  have  subtly  different  compositions  (the  range  of  composi- 
tions related  by  a single  set  of  olivine  control  lines  are  termed 
“magma  batches'*)  that  characterized  each  volcano  uniquely. 
Powers,  in  addition,  had  recognized  that  even  more  subtle  variations 
occurred  to  produce  separate  magma  batches  within  the  products  of 
a single  tholeiitic  shield. 

Another  level  of  inquiry  began  with  modem  studies  at  the 
Hawaiian  Volcano  Observatory,  beginning  about  1952,  when 
Kilauea  became  active  after  16  years  of  dormancy.  From  1952  to 
the  present  (I986X  every  eruption  has  been  sampled  and  analyzed,  I 
and  eruptions  that  attended  over  periods  of  days,  weeks,  or  even 
years,  have  been  sampled  at  regular  intervals  to  cover  both  the 
spatial  and  temporal  distribution  of  eruptive  products.  This  sam- 
pling is  of  critical  importance  because  significant  changes  in  lava 
composition  during  an  eruption  have  occurred,  and  earlier  (par- 
ticularly the  earliest)  eruptive  products  arc  likely  to  be  covered  by 
later  phases  of  the  eruption  and  thus  never  encountered  in  con- 
ventional studies  of  older  lava.  This  burial  process  is  amply  demon- 
strated, for  example,  by  the  1983-1984  eruption  of  Kilauea  (see 
Wolfe  and  others,  chapter  I7X 

In  another  development,  the  occurrence  of  a senes  of  eruptions 
in  pit  craters  (1959.  1963,  1965)  provided  molten  lakes  of  tholeiitic 
basalt  for  large,  outdoor  laboratory  experiments  in  the  cooling  and 
crystallization  of  basalt.  These  studies  were  complementary  to  a 
study  made  of  a prehistoric  lava  lake  exposed  in  the  walls  of 
Makaopuhi  Crater  (Moore  and  Evans,  1967;  Lvans  and  Moore, 
1968X  In  the  next  two  subsections  we  address  first  what  we  have 
learned  from  the  lava  lakes,  and  secondly,  we  apply  this  information 
to  interpret  petrologic  processes  important  to  understanding  the 
entire  sequence  of  eruptive  activity  from  1952  to  the  present. 

KILAUEA  LAVA  LAKES 

Core  drilling  in  the  lava  lakes,  after  they  crusted  over,  provided 
a means  of  studying  the  processes  of  crystal  liquid  movement  during 
slow  cooling.  An  overview  of  the  importance  of  the  lava-lake  studies 
with  a description  of  what  was  done  on  each  lake,  including  an 


j annotated  bibliography,  was  written  by  Wright  and  others  (I976X 
Subsequently,  papers  on  the  March  1965  Makaopuhi  lava  lake 
(Wright  and  Okamura,  I977X  the  August  1963  Alae  lava  lake 
1 (FVck  and  Kinoshita,  1976;  Pfcck,  1978;  Wright  and  Peck,  I978X 
and  thermal -modeling  studies  (Peck  and  others,  1977;  Shaw  and 
others,  1977)  have  contributed  further  details;  Peck  and  others 
(1979)  demonstrated  the  breadth  of  interest  in  the  lava  lakes. 
Makaopuhi  and  Alae  have  both  been  covered  by  subsequent 
i eruptions,  further  attesting  to  the  value  of  real-time  volcanic  studies. 
The  November- December  1959  Kilauea  Iki  lava  lake,  documented 
by  Murata  (I966X  Murata  and  Richter  (I966X  Richter  and 
Moore  (I966X  Richter  and  Murata  ( I966X  and  Richter  and  others 
(I970X  is  still  being  studied.  Drilling  programs  in  1976,  1979,  and 
1981  were  performed  as  a joint  project  of  the  U.S.  Geological 
Survey  and  Sandia  National  Laboratories.  Geophysical  results  of 
the  1976  drilling  are  given  by  Hermance  and  Colp  ( 1 982  X and  a 
description  of  the  1981  drilling  is  given  by  Hardee  and  others 
( 1981 X Thermal  modeling  of  the  lake  (Hardee,  I960)  and  a study 
of  the  seismic  structure  of  the  lake  (Chouet  and  Aki,  1981)  have  also 
been  accomplished.  Further  petrologic  results  are  reported  by  Helz 
(chapter  25;  1980)  and  by  Helz  and  Wright  (I983X  Description  of 
drill  core  is  provided  by  Helz  and  Wright  (1983)  and  by  Helz  and 
others  (I984X  New  interpretations  of  the  mechanics  of  the  1959 
eruption  are  given  by  Eaton  and  others  (chapter  48)  and  by  Helz 
(chapter  25 X 

The  studies  of  Alae  and  Makaopuhi  lava  lakes  have  quan- 
titatively documented  several  processes  of  importance  to  Hawaiian 
petrology.  These  processes  include  the  following: 

(1)  Settling  of  olivine  occurs  under  the  influence  of  gravity  at 
temperatures  greater  than  1 , 1 50  °C.  This  settling  is  by  no  means  as 
straightforward  a process  as  that  predicated  by  theory,  as  it  can  be 
shown  that  the  observed  rates  of  settling  are  far  less  than  those 
predicted  by  Stokes'  law.  This  difference  is  partly  due  to  the 
presence  of  gas  bubbles  moving  upward  as  olivine  is  sinking,  thus 
impeding  the  progress  of  both,  and  partly  to  the  fact  that  the  liquid 
behaves  as  a Bingham  fluid,  as  was  discovered  by  direct  experimen- 
tation in  Makaopuhi  lava  lake  (Shaw  and  others,  1968).  Further 
study  of  Kilauea  Iki  led  to  the  suggestion  that  with  a large  population 
of  olivine  the  crystals  might  settle  with  a boundary  layer  of  meh, 
decreasing  the  rapidity  with  which  olivine  can  be  segregated  (Helz, 
I960,  p.  693-696X  Helz  (chapter  25)  has  shown,  in  line  with 

earlier  studies  of  a frozen  prehistoric  lava  lake  (Moore  and  Evans, 
1967;  Evans  and  Moore.  I968X  that  olivine,  after  settling,  rapidly 
re-equilibrates  to  more  iron-rich  compositions  and  that  the  final 
olivine  composition  may  be  very  different  from  that  present  at  the 
time  of  eruption.  All  of  these  data  place  constraints  on  the  inter- 
pretation of  olivine  abundance  in  natural  lava. 

(2)  Differential  separation  of  augite  and  plagioclase  occurs 
under  the  influence  of  convective  flow  at  temperatures  between  1 , 1 50 

| JC  and  1 ,080  ‘"C  This  separation  is  a more  subtle  process  than 
! olivine  segregation  and  is  shown  to  occur  at  crystal  sizes  far  smaller 
than  those  that  could  be  gravitationally  segregated  in  a reasonable 
time.  Differential  separation  of  augite  and  plagioclase  is  inferred  to 
take  place  only  in  the  absence  of  a separate  volatile  phase,  because 
upward  movement  of  vesicles  will  reverse  the  density  gradients 
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needed  to  initiate  convection  in  a body  of  molten  basalt.  The  time  at 
which  convection  in  Mak&opuhi  lava  lake  was  initiated  has  been 
inferred  from  thermal  anomalies  in  temperature  profiles  taken  in  the 
melt,  correlated  with  decreased  vesicularity  in  core  collected  below  a 
certain  depth  in  the  lake.  Within  months  of  the  time  at  which 
convection  was  initiated,  the  bulk  composition  of  the  lava  lake  began 
to  change  in  a manner  reflecting  loss  of  chemical  components  present 
in  augitc  and  plagiodase,  in  addition  to  those  present  in  olivine 
(Wright  and  Okamura,  1977).  A complementary  effect  of  con- 
vective transfer  is  to  enrich  the  margins  and  probably  the  basal  parts 
of  the  lava  lake  in  the  components  of  augite  and  plagioclase,  in  1 
addition  to  those  of  olivine,  causing  a chemical  profile  through  a lava 
lake  to  depart  from  strict  olivine  control.  The  chemical  effect  is 
nicely  shown  in  analyses  from  the  lower  part  of  the  prehistoric 
Makaopuhi  lava  lake  (Moore  and  Evans,  1967) 

(3)  Melt  is  physically  segregated  from  a ngid  crystal  frame-  j 
work  at  temperatures  below  1,080  °C.  The  lava  lakes  provide  a j 
quantitative  demonstration  of  the  process  known  as  Alter  pressing, 
and  they  contribute  toward  an  understanding  of  the  origin  of  i 
segregations  of  basaltic  liquids  with  vanably  fractionated  chemistry.  | 
Natural  segregations  are  common  in  thick  basaltic  flows  and  sills  ! 
throughout  the  world.  The  term  “segregation  vein**  was  applied  to 
these  bodies  in  the  19th  century  and  has  remained  in  use  since.  I 
Basaltic  segregations  generally  stand  out  from  the  host  rock  by  their 
lighter  color  and  coarser  texture,  and  they  commonly  fill  subhorizon- 
tal fractures.  Segregation  of  this  kind  only  occurs  at  temperatures 
below  the  critical  temperature  at  which  the  lake  behaves  as  a rigid 
body  (see  discussion  m Wright  and  others,  1976)  First  demon- 
strated as  an  artifact  of  the  drilling  process  (that  is,  melt  flowing  into 
open  drill  holes  during  thermal  recovery  toward  predrilling  tem- 
peratures) this  process  also  results  in  natural  segregations  (segrega- 
tion veins)  where  melt  has  flowed  into  zones  of  lower  pressure.  Most 
segregations  have  sharp  contacts  with  the  host  rock,  suggesting  tilling 
of  an  open  fracture.  Others  have  more  subtle  boundaries,  suggesting 
that  the  wall  rocks  were  ductile  at  the  time  of  segregation.  The 
presence  of  segregations  is  a function  of  the  rate  of  cooling,  and  their  1 
orientation  (that  is,  whether  fillings  are  horizontal,  vertical,  or  some 
other  angle)  gives  important  information  on  the  stress  distribution  in 
the  cooling  lava.  Whether  segregation  takes  place  is  a function  of 
temperature,  which  controls  both  the  chemical  composition  and 
viscosity  of  the  melt  fraction,  the  rigidity  of  the  crystal  network,  and 
the  time  during  which  a pressure  gradient  favorable  to  segregation  is 
present.  In  the  lava  lakes,  a combination  of  cooling  curves  and 
viscosity  temperature  relations  limit  the  normal  process  of  segregation 
to  temperatures  above  about  1 ,030  °C,  at  which  temperature  melt 
compositions  are  still  in  the  basaltic  range.  However,  Kilauea  Iki 
lava  lake  contains  rare  examples  of  small  segregations  of  much  more 
siliceous  melt,  with  silica  content  as  much  as  70  percent.  This 
mechanism  may  operate  in  basaltic  intrusions  to  produce  small 
bodies  of  rhyolite  or  dacite  for  later  eruption  as  lava. 

Several  lines  of  evidence  indicate  that  Hawaiian  eruptions  are 
supersaturated  in  volatile  constituents  at  the  time  of  eruption.  Thus, 
the  vesicle  distribution  in  thick  lava  lakes  is,  in  large  part,  a frozen 
record  of  incomplete  volatile  removal  at  high  temperature.  We  must 
emphasize  that  lava  erupted  at,  or  under,  saturation  would  behave 


very  differently  in  terms  of  processes  defined  for  the  Kilauea  lava 
lakes. 

Results  of  the  study  of  Makaopuhi  and  Alae  lava  lakes  define 
classic,  closed-system  fractional  crystallization  in  which  mass-bal- 
ance calculations  document  various  kinds  of  crystal  movement  in 
liquids  that  vary  along  a regular  liquid  line  of  descent  (see  Wright 
and  Peck,  1978,  fig.  4)  The  study  of  processes  documented  by 
study  of  major  oxides  have  been  extended  to  show  that  trace  elements 
vary  consistently  with  major  oxide  relations  (Lindstrom  and  Haskin, 
1984) 

Kilauea  Iki,  the  remaining  lava  lake,  is  distinguished  from 
Alae  and  Makaopuhi  by  its  more  magnesian  bulk  composition 
(average  MgO  content  is  15-16  weight  percent)  larger  volume, 
and  more  complex  filling  history.  As  a result,  the  core  obtained  from 
Kilauea  Iki  shows  many  features  unlike  those  seen  in  the  other  lava 
lakes.  For  example,  core  recovered  below  12  m depth  has  a 
chemistry  that  does  not  tit  the  olivine-controlled  chemistry  defined  by 
samples  collected  during  the  eruption  (Wight,  1973)  Although,  by 
definition,  this  lava  lake  also  represents  a closed  system,  the  mass 
balances  relating  the  chemistry  of  crystallizing  minerals,  liquid 
segregation,  and  bulk  rock  at  different  levels  in  the  lake  depart 
significantly  from  the  rather  straightforward  relations  summarized  in 
papers  on  the  other  lava  lakes.  Fractionation  processes  identified  in 
Kilauea  Iki  are  listed  below.  Some  of  these  processes  occur  at  higher 
temperatures  than  in  the  other  lakes  (Nos.  I,  2,  and  5)  whereas 
others  have  been  observed  only  in  Kilauea  Iki  (Nos.  3,  4,  and  6) 

(1)  Gravitative  settling  of  coarse  (>2  mm)  olivine,  resulting  in 
a zone  in  which  large  olivine  crystals  are  absent,  occurring  between 
20-40  m below  the  surface  of  the  lake.  The  composition  of  the 
moving  olivine  averaged  Fo^,  that  is,  the  chemistry  of  the  drill  core 
defines  a set  of  olivine  control  lines  on  variation  diagrams  of  Al20, 
versus  MgO  or  S1O2  versus  MgO  that  extrapolate  to  an  olivine 
composition  of  Fo^.  This  composition  implies  that  temperatures 
were  ^ 1 , 1 80  °C  in  the  part  of  the  lake  through  which  the  olivine 
settled  (Helz,  1980;  Helz  and  Thomber,  in  press) 

(2)  Horizontal  redistribution  of  augite  microphenocrysts,  by 
convection.  Within  the  olivine-depleted  zone,  small  (1-2  mm)  clots 
of  augite  microphenocrysts  are  present  in  core  from  near  the  edge  of 
the  lake  and  absent  in  the  middle.  This  differential  concentration  of 
augite  raises  the  CaO  content  of  the  core  from  10.5  weight  percent 
in  the  middle  to  11.6  weight  percent  at  the  edge.  In  contrast  to 
Makaopuhi,  this  flow  differentiation  has  not  involved  plagioclase, 
hence  it  occurred  only  at  temperatures  above  1 , 1 60  C. 

(3)  Diapiric  up  welling  of  lower  density  melt  from  within  the 
olivinc-rich  mush  at  the  base  of  the  lens  of  melt.  The  moving  liquid  is 
that  present  at  temperatures  of  1,145—1,160  °C,  just  below  the 
incoming  of  plagioclase.  This  liquid  is  inferred  to  rise  to  the 
uppermost  part  of  the  lens  of  melt  where  it  mixes  with  the  melt  just 
below  the  base  of  the  upper  crust.  This  process  causes  the  lava 
below  1 2 m to  deviate  from  olivine  controlled  chemistry.  The  upper 
mixed  zone  is  enriched  in  low  melting  constituents  such  as  1 102  and 
alkalis  and  is  depleted  in  FeO  and  CaO  relative  to  what  would  be 
expected  for  olivine-controlled  chemistry  (Helz,  1980)  Hie  source 
region  undergoes  complementary  depletion  in  HO^  and  alkalis 
relative  to  olivine -controlled  chemistry.  Helz  (1980)  citing  data  for 
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the  upper,  enriched  zone  only,  tentatively  described  the  enrichment  to 
filler  pressing  of  liquid  formed  during  partial  remettmg  of  foundered 
crust  deep  in  the  lake.  Recovery  and  analysis  of  deeper  core  has  led 
to  our  present  recognition  that,  first,  this  process  does  not  require 
foundered  crust,  and  second,  it  has  affected  the  chemistry  of  the  lava 
at  virtually  all  levels  in  the  lake.  This  process  occurs  only  in  olivine- 
rich  rock.  The  requisite  density  inversion  is  much  smaller  in  melts  in 
bulk  compositions  with  MgO  ^7.5  percent.  Hence,  this  process 
would  not  have  been  expected  to  occur  in  the  other  lava  lakes. 

(4)  Diapiric  rise  of  streams  of  vesicles  with  or  without 
entrained  melt,  from  within  the  lower  crust.  The  vesicles  first  entrain 
melt,  then  coarse  olivine  from  the  lower  part  of  the  lake.  As  the 
plume  rises  into  cooler  material  it  begins  to  segregate,  with  the 
vesicles  and  melt  detaching  themselves  from  the  trail  of  coarse 
olivine.  These  trails  remain  as  vertical  olivine-nch  bodies,  which  can 
be  seen  in  every  drill  core  recovered  from  Kilauea  Iki  between  40 
and  58  m (Hdz,  1980).  These  olivine-rich  bodies  contain  occess 
iron-rich  olivine  (F077.79)  and  differentiated  liquid  (temperature 
range  of  1 , 1 40- 1 , 1 20  °CX  relative  to  the  adjacent  host  rock,  so  they 
are  active  at  lower  temperatures  than  the  diapirs  in  process  3. 
Analogous  vuggy,  vertical  bodies  also  are  present  between  26  and 
40  m,  but  they  are  much  harder  to  spot  as  they  lack  coarse  olivine 
(Helz,  I960).  The  melt-  and  vesicle-rich  top  of  the  vertical  olivine- 
rich  bodies  looks  like  a segregation  vein,  which  led  Helz  (I960)  to 
suggest  that  segregations  might  be  related  to  these  bodies  in  some 
way.  Similar  bodies,  described  as  “indistinct,  pipe-like  masses  rich 
in  olivine"  occur  in  the  lower  part  of  the  prehistoric  Makaopuhi  lava 
lake  (Moore  and  Evans,  1967X  though  in  that  lake  there  was  no 
evident  connection  with  segregation  veins. 

(5)  Formation  of  segregation  veins,  which  are  coarse-grained 
diabasic  sills,  generated  by  processes  internal  to  the  lava  lake. 
Segregation  veins  in  Kilauea  Iki  are  more  abundant  than  in  the  other 
lakes  and  form  an  apparently  continuous  set  of  sills,  concentrated 
between  18  and  56  m,  where  they  comprise  5-10  volume  percent  of 
the  lake  (Helz,  I980X  Their  bulk  compositions  correspond  to 
liquids  produced  at  1 , 1 35-1 ,100  °C,  using  the  calibration  of  Hdz 
and  Thomber  (in  pressX  In  Kilauea  Iki,  segregation  veins  are  more 
magnesian  and  presumably  form  at  higher  temperatures  than  those  in 
Alae  and  Makaopuhi. 

(6)  Filling  of  late  fractures  or  large  vesicles  by  highly  differenti- 
ated liquids,  produced  at  1,060-1,000  °C.  The  fractures  are 
produced  by  brittle  failure  of  the  lake  lava  as  it  shrinks  during 
crystallization  and  cooling.  The  bulk  compositions  of  these  tiny 
bodies  are  andesitic  to  rhyolitic  (S1O2,  56-70  weight  percent, 
MgO,  0. 5-3.0  weight  percent);  their  oiistence  demonstrates  the 
mobility  of  interstitial  liquid  even  when  very  little  (<  10  percent  melt 
is  present  (Helz,  1984).  The  driving  mechanism  is  inferred  to  be  gas 
filter-pressing  (Anderson  and  others,  I984X 

In  addition  to  these  processes  involving  differential  movement 
of  crystals,  vesicles,  and  liquid.  Kilauea  Iki  illustrates  very  well  the 
ottent  to  which  interstitial  liquid  compositions  are  controlled  by  local 
bulk  composition.  As  discussed  in  Helz  (1984).  interstitial  liquid 
becomes  progressively  depleted  in  FeO  as  olivine  content  increases. 
Other  oxides  (Si02,  Al20*.  alkalis)  increase  as  f*eO  decreases. 


whereas  a few  oxides  (MgO,  CaO,  Ti02)  are  buffered  by  the 
phase  assemblage.  Thus,  at  a given  MgO  content  of  interstitial 
liquid,  the  liquids  in  olivine-rich  rocks  are  richer  in  Sf02  and  alkalis 
than  liquids  in  olivine-poor  rocks  or  segregation  veins.  Where  a 
segregation  vein  occurs  in  an  olivine-rich  host,  the  difference  in  glass 
composition  across  the  contact  can  be  as  great  as  4 weight  percent 
FeO  within  a single  thin  section. 

The  later  stage  mineral  assemblages  closely  reflect  these  varia- 
tions in  interstitial  melt  composition.  In  olivine-rich  rock,  the  low- 
calcium  pyroxene  is  orthopyroxene  (opxX  the  dominant  Fe-Ti  oxide 
is  ferropseudobrookite  (fpsbX  With  decreasing  olivine  content  opx  is 
replaced  by  pigeonite,  and  the  oxide  assemblage  changes  to  fpsb  + 
ilmenite,  fpsb  + ilmemte  + magnetite,  and  finally  ilmenite  + 
magnetite,  as  observed  in  the  low-MgO  lakes  Alae  and 
Makaopuhi. 

Thus,  gravitaiive  settling  of  olivine,  followed  by  closed-system 
crystallization,  has  created  a magma  chamber  in  which  different 
liquid  lines  of  descent  are  being  generated  in  rocks  meters  apart. 
Important  implications  of  these  observations , applied  to  larger 
differentiating  chambers,  are  that  one  chamber  may  be  capable  of 
erupting  two  or  more  dissimilar  lava  series  produced  solely  by 
processes  operating  within  the  chamber  and  not  necessarily  from 
different  sources. 

TIME-SPACE  RELATIONS  OF  KILAUEA  LAVA 

Studies  based  on  the  chemistry  of  erupted  lava  from  1952  to 
1985  have  extended  our  knowledge  of  differentalion  processes  in 
Hawaiian  tholeiite.  Interpretation  of  Kilaueas  chemistry  is  also 
dependent  on  seismic  and  geodetic  studies  (Eaton  and  Mur  at  a. 
I960;  Eaton.  I962X  which  clearly  identify  a complex  holding 
reservoir  beneath  the  Kilauea  summit  through  which  magma  for 
eruptions  anywhere  on  the  volcano  must  pass  (fig.  23.2;  also  see 
Wright  and  Fiske,  1971,  fig.  9;  Ryan  and  others,  1981 X Hdz 
(chapter  25)  presents  data  that  supports  the  earlier  suggestion  of 
Wight  (1973)  that  magma  erupted  in  1959  is  an  exception  and 
might  have  bypassed  storage  in  the  normal  summit -reservoir  com- 
plex. Two  early  summaries  (Wight,  1971 ; Wright  and  Fiske,  1971 ) 
document  the  general  changes  of  bulk  chemistry  with  tune,  quantify 
the  concept  of  olivine  control,  describe  the  differentiation  processes 
operating  within  Kilaueas  rift  zones,  and  treat  the  problem  of 
magma  batches  and  the  mixing  of  liquids  of  different  composition 
prior  to  eruption.  A model  was  developed  in  Wright  and  Fiske 
(1971)  in  which  magma  batches  of  subtly  differing  bulk  chemistry 
arrive  in  the  storage  complex  beneath  Kilauea  summit  and  are 
displaced  to  higher  levels  in  the  storage  complex,  where  they  become 
chemically  zoned  due  to  gravitational  settling  of  olivine  as  newer 
batches  of  olivme-rich  magma  arrive  from  the  mantle.  Dunng 
eruption  or  intrusion  within  the  rift  zones,  some  portion  of  magma 
moving  into  the  nft  is  separated  from  the  main  source  of  heat, 
resulting  in  cooling  and  differentiation.  Rift  eruptions  are  inferred  to 
be  fed  from  the  lower  parts  of  the  summit  reservoir  complex  and, 
more  often  than  not,  mix  with  fractionated  magma  present  from 
previous  episodes  of  rift  intrusion  to  form  hybrid  magma.  Because  of 
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Figure  23.2. — Simplified  model  d magma  storage  and  eruption  at  Kilauea 
(modified  from  Wright  and  Puke,  1971,  fig.  9):  (I)  Conduit  through  the  oceanic 
crust  defined  seumically;  (2)  shadow  storage  reservoir,  defined  from  bosh  geodetic 
measurements  and  as  an  aaetauuc  zone;  (3)  isolated  pockets  of  magma  produced  by 
intrusions  mto  the  rift  zones.  Eruptions  at  the  summil  are  fed  directly  from  the  top 
of  the  central  reservoir.  Most  eruptions  on  the  rift  are  ako  fed  from  lower  m the 
central  reservoir  and  may  other  become  mixed  with  stored  rift  magma  (4)  or  have 
direct  access  to  the  surface  (5X  Infrequently,  stored  rift  magma  may  be  erupted 
independent  ly. 

the  compositional  layering  in  the  summit  reservoir  resulting  from  the 
sequence  of  magma  batches  supplied  from  the  mantle,  rift  eruptions 
lend  to  be  richer  in  olivine  than  summit  eruptions  and  have  a summit 
component  in  their  composition  that  predates  eruption  of  that 
component  at  the  summit.  These  inferences  were  presented  for 
Kilauea  eruptions  through  1974  in  Wright  and  Fiske  (1 97 IX  Whghl 
and  others  (I975X  and  Wright  and  Tilling  (I980X 

In  1971  and  1974  intrusions  beneath  the  south  part  of  Kilauea 
caldera  were  evident  (Duffield  and  others,  1982;  HVO. 
unpublished  data)L  These  intrusions  resulted  in  development  of 
mildly  differentiated  lava  as  a component  of  subsequent  hybrid 
eruptions  at  Kilauea  summit  in  1974  and  1982  (Wright  and  Tilling, 
1980;  HVO,  unpublished  data). 

Direct  eruption  of  fractionated  lava  on  the  east  rift  zone 
occurred  in  1955,  1962.  and  1968  (see  Wnght  and  Fiske.  1971; 
Wight  and  others,  1975)  and  again  in  1977  (Moore  and  others, 
1980)  and  1983  (Wolfe  and  others,  chapter  17;  Garcia  and  others, 
in  pressX  The  parent  composition,  time  of  rift  storage,  and  rate  of 
crystallization  in  storage  have  been  quantitatively  determined  for 
recent  mildly  fractionated  lava  (see  Wight  and  Tilling,  I960).  The 
processes  of  differentiation  within  the  rift  zone  appear  to  be  very 
similar  to  both  the  high-temperature  and  low- temperature  differen- 
tiation observed  in  Makaopuhi  and  Alae  lava  lakes,  suggesting  that 
magma  in  storage  is  under  sufficient  pressure  to  maintain  volatile 
components  in  solution,  thus  enabling  convection  to  take  place,  and 
that  lower  temperature  segregation  can  sometimes  occur  on  a large 
scale,  creating  separate  reservoirs  of  fractionated  magma.  The  1955 
eruption  requires  the  latter,  as  the  early  erupted  lava  shows  an 
intratelluric  phenocryst  assemblage  (hypersthene,  augite.  pla- 
gioclase,  Fe-Ti  oxides)  very  different  from  the  normal  assemblage  of 
olivine  and  minor  augite  and  plagioclase  characterizing  lava  whose 
bulk  composition  is  unfractionated. 


In  addition  to  study  of  petrologic  processes  demonstrated  in 
single  eruptions,  it  should  be  eventually  possible  to  quantitatively 
evaluate  the  times  of  arrival  of  magma  batches  from  the  mantle, 
specify  where  these  batches  will  be  stored  and  for  how  long,  and 
relate  these  to  when  and  where  they  will  be  erupted  to  the  surface. 
The  seismic  data  on  earthquake  swarms  related  to  magmatic  intru- 
sions (Klein  and  others,  chapter  43 X combined  with  detailed 
petrochemical  study  (for  example,  Wright  and  Tilling,  1980X 
should  provide  the  basic  data  to  do  this  within  the  broad  framework 
of  geodetic  and  geophysical  observations  related  to  magma  storage 
(Dzurisin  and  others,  I984X 

The  processes  defined  at  Kilauea  are  by  no  means  restricted  to 
Hawaiian  tholeiite.  The  same  processes  of  storage,  fractionation, 
and  mixing  of  magma  have  been  amply  documented  for  midocean 
ridge  basalts  (see,  for  example.  Basaltic  Volcanism  Study  Project, 
1981,  p.  132-I60X  Thus,  both  voluminous  oceanic  basalt  types, 
whose  chemistry  remains  fairly  constant  with  time,  behave  similarly 
in  spite  of  the  differences  in  bulk  chemistry.  However,  studies  of 
recent  Hawaiian  eruptions  illustrate  a problem  that  must  be  consid- 
ered in  looking  at  older  basaltic  lava  sequences  m Hawaii  and 
elsewhere;  that  is,  samples  from  a single  stratigraphic  section  may 
represent  only  a fraction  of  the  lava  from  any  single  eruption,  and 
significant  compositional  changes  that  occurred  during  the  eruption 
may  be  missed.  Interpreting  contacts  between  flows  to  define  related 
eruptive  sequences  is  virtually  impossible  in  older  flows,  especially  in 
flows  of  small  volume.  In  the  prehistoric  record,  contacts  preserved 
in  a sequence  of  flows  from  Mauna  Ulu  (1969-1974)  may  look  no 
different  than  a contact  between  lava  erupted  in  1961  and  any  otic 
episode  of  Mauna  Ulu  that  happened  to  cover  it.  This  possibility 
underscores  the  fact  that  petrologic  studies  of  older  lava  fields  may 
lack  much  of  the  critical  information  that  is  made  available  when  an 
| eruption  or  sequence  of  eruptions  is  actually  observed. 

COLLECTION  AND  ANALYSIS  OF  HAWAIIAN  GASES 

One  of  the  most  important  opportunities  afforded  by  active 
volcanoes  is  the  sampling  of  volatile  constituents  either  from  active 
fumaroles  or  during  eruptions.  Collection  of  usable  gas  samples  at  an 
active  vent  is  far  from  an  easy  task,  as  it  entails  being  able  to 
approach  an  erupting  fissure  or  lava  pond,  collect  a sample  with 
minimal  atmospheric  contamination,  and  analyze  the  sample  within 
hours  of  collection  in  order  to  prevent  reaction  of  the  gas  species  with 
one  another.  Some  of  the  best  samples  ever  obtained  were  collected 
in  the  early  20th  century  from  the  continuously  active  lava  lake  in 
Kilauea  caldera  (Shepherd,  1921;  Gerlach,  1 980).  Later  in  the 
century,  collections  were  made  through  drill  holes  in  Makaopuhi  lava 
lake  (Finlaysen  and  others.  1968)  and  the  1977  eruption  of  Kilauea 
(Graeber  and  others,  I979X  In  1980,  permanent  gas  analysis 
facilities  were  established  at  the  Hawaiian  Volcano  Observatory. 
Greenland  (chapters  28  and  30)  summarizes  information  on  octen- 
sive  collections  of  gases  from  Kilauea  and  the  first  modem  samples  of 
eruptive  gases  from  Mauna  Loa.  Franczyk  and  others  (chapter  31) 
give  complementary  data  on  the  amount  of  carbon  and  sulfur  that 
remains  in  the  lava  after  eruption. 
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The  importance  of  volcanic  gas  analyses  lies  both  in  the 
estimates  of  primary  volatile  compositions  of  magma  and  in  the 
budget  of  volatile  species  put  into  the  Earths  atmosphere  as  a result 
of  volcanic  eruption.  The  latter  subject  is  addressed  by  Casadevall 
and  others  (chapter  29)  and  by  Gerlach  and  Gracbcr  (1985). 
Volcanic  pollutants,  mainly  C02  and  S02,  are  found  to  be 
significantly  less  than  the  contribution  from  modem  industry.  Ilie 
composition  of  gases  arriving  from  the  mantle,  after  storage  beneath 
Kilauea  summit,  and  residual  gas  left  in  erupted  lava  is  estimated  for 
Kilauea  (table  23.1)  using  data  of  Greenland  and  others  (1985). 
These  estimates  are  close  to  those  made  by  Gerlach  and  Graeber  i 
(1985).  Estimates  of  volatile  budgets  for  the  1983-1985  Kilauea 
eruption  also  provide  an  estimate  of  volatile  emission  rates  consistent  ! 
with  magma  supply  rates  obtained  by  seismic  and  geodetic  methods 
(Gerlach  and  Graeber,  1985;  Greenland  and  others,  1985) 
Finally,  study  of  gases  from  the  ongoing  Kilauea  east  rift  eruption 
has  led  to  estimates  of  the  rates  of  magma  ascent  in  the  conduit,  the 
diameter  of  the  conduit,  and  the  vertical  gradients  of  pressure  and 
density  within  the  magma  column  (Greenland  and  others,  in  press) 

PETROLOGY  IN  CONTEXT:  A MODEL  FOR  STORAGE  AND 
TRANSPORT  OF  KILAUEA  MAGMA 

Petrologic  and  geochemical  studies  at  Kilauea  are  not  in 
themselves  sufficient  to  translate  chemical  variations  into  physical 
processes.  The  framework  for  interpretation  of  time*  and  space- 
related  petrologic  processes  at  Kilauea  is  provided  by  seismic  and 
geodetic  studies.  These  studies  provide  direct  evidence  both  for 
regions  of  magma  storage  and  for  the  distribution  of  and  relief  of 
stress  associated  with  magma  movement  at  crustal  and  upper  mantle 
depths  (see  Decker,  chapter  42)  A primary  storage  region  beneath 
Kilauea  summit  is  defined  both  seismically  (Kovanagi  and  others,  i 
chapter  45,  part  1;  Thurber,  chapter  38;  Koyanagi  and  others, 
1976)  and  from  ground  deformation  measurements  (for  example. 
Fiske  and  Kinoshita,  1969;  Dvorak  and  others,  1983)  Secondary, 
and  apparently  transient,  areas  of  active  storage  in  the  rift  zones  are 
also  defined  by  a combination  of  seismic  and  geodetic  measurements 
(see  Klein  and  others,  chapter  43,  Jackson  and  others,  1975; 
Swanson  and  others,  1976b)  Ryan  and  others  (1981)  have  incor- 
porated both  kinds  of  data  into  a generalized  three-dimensional 
model  for  Kilauea. 

A simplified,  two-dimensional  representation  of  magma  trans- 
port and  storage  is  shown  in  figure  23.2.  The  depth  to  both  primary 
and  secondary  storage  is  from  about  2 km  to  6 km  beneath  the 
ground  surface.  The  summit  storage  reservoir  is  approximately  the 
volume  of  Kilauea  caldera  minus  the  lava  Bows  of  historical  age  that 
have  partially  filled  it;  massive  draining  of  the  reservoir  has  probably 
occurred  during  caldera  formation  in  the  past. 

The  rate  of  magma  supply  to  the  Hawaiian  system,  as 
estimated  from  calculated  volumes  of  dated  volcanic  edifices,  is 
greater  for  the  Island  of  Hawaii  than  at  any  time  past  (Claguc  and 
Dalrymple,  chapter  I,  part  I;  also  see  Moore,  chapter  2,  for  an 
alternative  interpretation)  Ilie  magma  supply  to  Kilauea.  estimated 
from  geodetic  and  gravity  data,  is  intruded  as  dikes  and  sills  and 
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extruded  as  flows  in  nearly  equal  amounts;  this  relation  appears  to  be 
constant  over  periods  of  years  (Swanson,  1972;  Dzuruin  and 
others,  1984)  Recent  evidence  suggests  that  the  magma  supply  to 
Kilauea  has  increased  over  the  past  decade  (see  Wolfe  and  others, 
chapter  17;  Greenland  and  others,  1985)  The  passage  of  magma 
into  the  rift  zones  causes  a buildup  of  strain  in  the  south  flank  that  is 
marked  by  changes  in  length  of  geodetic  lines  and  by  high  seismicity. 
The  strain  is  relieved  when  the  unbuttressed  south  flank  of  Kilauea 
moves  oceanward  (Swanson  and  others,  1976a)  Seismicity,  associ- 
ated both  with  the  rift  zones  and  the  south  flank,  is  also  high  during 
intrusion  or  during  emplacement  of  a dike  preceding  eruption  at  a 
new  location.  Commonly  earthquake  epicenters  migrate  ahead  of  the 
dike  tip  to  define  the  magma  transport  path  (see  Wolfe  and  others, 
chapter  17;  Koyanagi  and  others,  chapter  45,  part  I;  Klein  and 
others,  chapter  43)  Long  continued  eruptions  such  as  Maun  a Ulu 
(1969-1974)  or  the  current  Kilauea  eruption  at  Puu  Oo  (Wolfe 
and  others,  chapter  17)  create  an  open  transport  system  in  which 
seismicity  along  transport  paths  is  greatly  reduced  (Koyanagi  and 
others,  chapter  45,  part  I) 

Magma  supply  from  the  mantle  during  1952-1975  was 
describable  in  terms  of  batches  of  distinct  composition  (Wright  and 
others,  1975;  Wright  and  Tilling,  1980)  Following  a large  south 
flank  earthquake  ( M = 7.2)  in  1975  (Lipman  and  others,  1985) 
magma  compositions  during  1979-1984  were  no  longer  easily 
divided  into  discrete  batches.  Possibly  the  earthquake  effectively 
broke  down  internal  boundaries  in  the  storage  system,  so  that  stored 
magma  and  new  magma  mixed  on  a large  scale.  An  earthquake  of 
similar  magnitude  occurred  in  1868  and  had  an  apparent  effect  on 
both  the  subsequent  rale  of  eruption  and  chemical  composition  of 
lava  from  Mauna  Loa  (Lockwood  and  Lipman.  chapter  18;  Tilling 
and  others,  chapter  24)  This  effect  further  emphasizes  the  need  to 
know  volcanotectonic  constraints  in  order  to  properly  interpret 
petrochemical  data. 

The  high  rates  of  magma  supply  from  depth  in  the  past  decade 
are  also  reflected  in  patterns  of  deeper  seismicity.  A zone  between  1 5 
and  30  km  depth  (that  is,  in  the  very  uppermost  mantle)  is  less 
seismic  than  the  regions  above  and  below,  perhaps  defining,  as  with 
the  lowered  seismicity  around  shallow  nft  transport  systems,  a 
greater  openness  of  the  magma  transport  path  (Koyanagi  and  others, 
chapter  43.  part  I) 

ITir  distribution  in  time  and  space  of  deep  tremor  and  long- 
period  earthquakes  is  of  great  significance,  providing  evidence  for 
magma  movement  at  depths  of  40-60  km  (Koyanagi  and  others. 
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EXPLANATION 
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Fk;URF.  23.3. — 1-ong  period  seismicity  <rf  the  Island  at  Hawaii.  1972-85.  A,  Epicenters  of  long  period  earthquakes  with  hypocenlers  <15  km  deep  Note  clustering  at  the 
three  active  volcanic  centers.  B,  l .ong  period  earthquakes  and  locatabir  bunts  erf  harmonic  tremor  with  hypocenlers  >30  km  deep  (maximum  is  about  55  km l Note  the 
dominant  chistmng  in  a broad  zone  between  the  three  active  volcanic  centers. 


chapter  45,  part  I;  Klein,  1982).  The  zone  of  deep,  long-period 
seismicity  is  centrally  located  with  respect  to  all  three  active  vol- 
canoes— Loihi,  Kilauea,  and  Mauna  Loa — contrasting  with  the 
concentration  of  shallow  long-period  earthquakes  m each  volcanic 
edifice  above  and  below  the  storage  reservoir;  these  relations  are 
shown  in  figure  23.3.  The  connections  between  deep  and  shallow 
transport  systems  are  not  clear.  If,  indeed,  the  zone  shown  in  figure 
23.3 B defines  the  deeper  end  of  magma  transport  systems  for  all 
three  volcanoes,  then  it  severely  constrains  the  explanations  for  the 
distinctive  chemistry  and  lava  associations  in  each  volcano.  Either 
the  zone  of  magma  collection  is  compartmented  at  a scale  not  seen  by 
the  seismic  data,  or  the  chemical  differences  are  produced  in  transit 
toward  the  surface,  at  much  higher  levels  than  the  zone  of  melting. 


Isotopic  data,  as  currently  understood,  probably  rule  out  the  latter 
conclusion,  leaving  one  with  a challenge  to  relate  the  observed 
seismicity  to  magma  transport  in  a way  that  preserves  chemical 
differences  that  originate  in  the  melting  zones  (see  Chen  and  Frey, 
1985,  however,  for  discussion  of  the  possible  influence  of  the 
transport  path  to  the  surface  on  chemical  and  isotopic  variation). 

Deeper  yet,  the  zone  of  melting  beneath  Hawaii  has  been 
postulated  to  be  within  the  uppermost  asthenosphere,  at  depths 
greater  than  60  km  (sec  Wright,  1984)  The  unique  chemistries  of 
magma  at  the  three  volcanoes  suggest  that  discrete  regions  of  melting 
within  the  asthenosphere  each  have  their  own  isotopic  and  trace- 
element  signature.  This  problem  will  be  discussed  further  in  the  final 
section. 
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VOLCANISM  IN  HAWAII 


LOIHI  SEAMOUNT:  A LOOK  AT  THE  BEGINNING 
OF  A HAWAIIAN  VOLCANO 

Loihi  Seamount  was  discovered  m 1955  from  looking  at  a 
compilation  of  bathymetric  data  around  the  Hawaiian  Islands 
(Emery,  1955)i  Later,  with  an  expanded  Hawaiian  seismic  net  and 
a new  computer  system  for  locating  earthquake  foci,  F.  W.  Klein  and 
R.  Y.  Koyanagi  noted  swarms  of  shallow  crustal  earthquakes  off  the 
southeast  coast  of  the  Island  of  Hawaii  (Klein  and  Koyanagi,  1979; 
Klein,  1982).  Together,  these  observations  suggested  the  existence  of 
an  active  Hawaiian  volcano  in  the  making.  Plans  to  dredge  the 
seamount  were  carried  out,  samples  were  taken,  more  precise 
bathymetry  was  obtained,  and  preliminary  results  were  published 
(Malahoff  and  others,  1982;  Moore  and  others,  1982)  A summary 
of  more  recent  bathymetry  and  geophysical  study  is  given  in 
Malahoff  (chapter  6)  The  dredge  hauls  contained  both  tholeiitk 
and  alkajic  basalt.  Some  of  the  latter  contained  xenoliths.  Dating  of 
samples  showed  an  age  range  of  from  0.5  to  1.6  ka,  with  alkalic 
basalt  older,  for  the  most  part,  than  tholeiite.  Thus,  the  newest 
volcano  in  the  Hawaiian  Chain  showed  apparent  reversal  in  the 
accepted  age  relations  of  alkalic  and  tholeiitic  basalt. 

Research  on  Loihi  was  subsequently  treated  in  a manner 
similar  to  the  lunar  program;  we  now  know  more  about  Loihi 
(isotopes,  trace  elements,  major  oxides)  than  any  other  single 
Hawaiian  volcano  (see  Craig,  1983)  Study  of  Loihi  has  generated 
many  new  questions  about  the  growth  of  Hawaiian  shields  and  the 
nature  of  the  melting  processfes)  Workers  on  Loihi  have  concluded 
that  the  earliest  stage  of  Hawaiian  volcanism  is  alkalic.  The  Loihi 
data  also  raise  the  possibility  that  alkalic  volcanism  may  occur  at  any 
stage  in  shieldbuilding,  perhaps  when  the  rate  of  melting  in  the 
mantle  slows  down  few  some  reason.  The  bathymetry  of  the  undersea 
portions  of  most  Hawaiian  volcanoes  defines  a shield  shape,  and  this 
requires  that  the  dominant  shield- building  lava  be  fluid  tholeiite  and 
that  the  alkajic  component  be  at  most  a minor  intercalation.  All 
conclusions  need  to  be  tempered  by  the  fact  that  above  water  we 
have  sampled  less  than  10  percent  of  any  Hawaiian  shield,  and  the 
sampling  at  Loihi  comprises  only  the  surface  lava  on  its  shield. 

Detailed  petrologic  and  geochemical  studies  of  Loihi  (Frey  and 
Clague,  1983;  Hawkins  and  Melchior,  1983)  combined  with  j 
isotopic  studies  of  Sr  (Lanphere,  1983;  Staudigel  and  others.  1984) 
and  Pb  and  Nd  (Staudigel  and  others,  1984)  bring  about  the 
unanimous  conclusions  that  significant  heterogeneity  oasts  within  the 
Hawaiian  hotspot  and  that  it  is  difficult  to  relate  Loihi  samples  with 
subaenal  lava  sequences.  The  tholeiite  samples  have  a demonstrably 
Hawaiian  chemistry  that  differs  in  small  ways  from  both  Kilauea 
and  Mauna  Loa.  The  alkalic  samples  differ  from  the  subaenal 
alkalk  caps  on  other  Hawaiian  volcanoes  and  from  the  nephclimtic 
series.  Furthermore,  these  samples  lack  the  garnet -bearing  xenoliths 
of  the  latter  senes,  but  contain  Iherzolite  xenoliths  not  found  in  the 
former  series.  Isotopic  study  of  rare  gases  (Kaneoka  and  others. 
1983;  Kurz  and  others.  1983;  Rison  and  Craig,  1983)  une- 
quivocally define  the  source  material  as  primitive  and  undegassed 
mantle  material,  unmodified  by  crustal  processes,  relative  to  data 
from  other  volcanoes.  Thus,  the  discovery  and  subsequent  study  of 
Loihi  has  provided  additional  constraints  and  new  questions  to  be 
asked  in  relation  to  our  understanding  of  Hawaiian  volcanic  cycles. 


PUTTING  IT  ALL  TOGETHER:  INTEGRATED 
MODELS  OF  THE  PETROGENES1S  OF  VOLCANIC 
SEQUENCES  IN  THE  HAWAIIAN  ISLANDS 

Earlier  studies  of  Hawaiian  volcanism  were  based  on  geologic 
mapping  and  sampling  stratigraphic  sections  for  petrographic  study 
and  major-oxide  chemistry.  Work  on  trace  elements  and  isotopes 
was  of  a reconnaissance  nature  confined  to  widely  scattered  samples, 
only  some  of  which  were  tied  to  major-oxide  study.  Compilation  of 
these  data  resulted  in  generalities  about  the  geochemical  signature  of 
Hawaiian  volcanism  and  recognition  of  the  systematic  differences 
I between  midplate  and  midocean  ridge  volcanism  (see,  for  example, 
summaries  by  O’Nions  and  others,  1977;  Lanphere  and  Dalrym- 
ple,  I960;  Basaltic  Volcanism  Study  Project,  1 98 IX  but  contrib- 
uted little  to  understanding  the  details  of  the  evolution  of  individual 
Hawaiian  shields.  Recently,  more  concentrated  studies  on  specific 
volcanoes  and  stratigraphically  defined  sequences  within  those  vol- 
canoes have  been  undertaken  to  establish  the  details  of  isotopic, 
trace-element,  and  major-oxide  behavior.  These  studies  have 
focused  on  Molokai  (Beeson,  1976;  Clague  and  others.  I983X 
Kohala  (Feigenson  and  others,  1983;  Lanphere  and  Frey,  in  press) 
Kilauea  (Casadevall  and  Dzunsin,  chapter  13;  Hofmann  and 
1 others,  1985)  HaJeakala  (Chen  and  Frey,  1983,  1985)  Kooiau 
(Stille  and  others,  1983;  Roden  and  others,  1984)  Kauai  (Feigen- 
son, 1984)  and  Loihi  (see  above)  The  Honolulu  Volcanics  have 
also  been  studied  comprehensively  (Clague  and  Frey,  1982)  The 
principal  conclusions  reached  from  stratigraphic  studies  are  the 
following: 

( 1 ) The  transition  from  tholeiitk  basalt  to  alkalk  basalt  at  the 
end  stages  of  Hawaiian  volcanism  is  commonly,  but  not  always, 
gradual,  with  interfingenng  of  the  two  rock  types  with  rocks  of 
transitional  chemistry. 

(2)  Sr  isotopic  signatures  are  inversely  correlated  to  Rb/Sr 
ratios  and  may  be  systemalkally  different  for  the  tholeiitic  shield, 
lower  alkalic  lava,  and  uppermost  alkalk  lava.  The  progression  is 
subtle  and  is  best  illustrated  by  data  from  Haleakala  using 
87Sr/a6Sr  ratios  (Chen  and  Frey,  1983,  1985)  for  tholeiite 
(0.7037-0.704)  through  lower  alkalic  (0.7032-0.7035)  and 
upper  alkalic  lava  (0.7030-0.7033)  In  addition,  ,43Nd/l44Nd 
ratios  show  a smaller  variation  and  are  inversely  correlated  to 
87Sr/®6Sr  ratios.  These  data  are  interpreted  to  show  participation 
of  different  source  regions  in  the  formation  of  the  three  senes,  In 
other  volcanoes,  including  Waianae,  West  Maui,  and  Mauna  Kea, 
no  systematic  differences  exist  between  radiogenic -isotope  signatures 
in  the  tholeiitic  and  alkalic  stages  (Hegner  and  others,  1986;  Stille 
and  others,  in  press) 

(3)  Pb  isotopes  differ  for  each  volcano,  vary  independently  of 
Sr  and  Nd,  and  appear  to  be  related  to  the  age  and  location  of 
individual  volcanoes  in  the  Hawaiian  Chain  (that  is.  to  the  Loa  and 
Kea  locus  lines  (fig.  23.1;  see  also  Tatsumoto,  1978;  Stille  and 
others,  in  press)  The  absolute  variation  of  all  isotopic  ratios  and  the 
uncor related  variations  of  Pb  with  Nd  and  Sr  have  led  workers  in 
Hawaii  to  postulate  mixing  of  at  least  three  kinds  of  variably 
enriched  or  depleted  sources.  Beyond  defining  the  need  for  three 
sources,  no  consensus  has  been  made  as  to  their  position  in  the 
mantle  or  the  details  of  their  ongin  (see  Tatsumoto  and  others. 
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chapter  26;  Talsumoto,  1978;  Staudigei  and  others,  1984;  Kan- 
eoka, in  press;  Stille  and  others,  in  press) 

Other  geochemical  studies,  using  trace  and  major  elements, 
address  further  the  relations  between  tholeiitic  and  alkabc  volcamsm. 
On  the  basis  of  field  mapping,  petrologic  study  of  volcanic 
sequences,  and  experimental  study  of  basaltic  phase  equilibria,  two 
hypotheses  have  been  proposed  (see  Macdonald.  1968,  p. 
512—516,  for  a good  summary  of  these  hypotheses)  The  first 
hypothesis,  based  principally  on  held  studies  and  later  on  high- 
pressure  phase  equilibria,  is  that  alkalic  series  on  Hawaiian  vol- 
canoes are  derived  directly  by  fractionation  of  tholeiitic  magma  in 
storage.  For  this  process  to  work,  pressures  must  be  great  enough  to 
stabilize  hypcrsthene  as  a liquidus  phase,  the  crystallization  of  which 
reduces  the  Si02  of  the  derivative  magma  (see  Green  and  Ring- 
wood,  1 964)  This  hypothesis  is  attractive  from  consideration  of  the 
very  small  volumes  of  the  alkalic  caps  and  was  defended  by  Wight 
and  others  (1979)  as  a logical  consequence  of  an  active  tholeiitic 
shield-building  system  breaking  the  connection  with  the  hotspot  as 
the  plate  drifts  to  the  northwest.  The  second  hypothesis,  first 
presented  by  Kuno  and  others  ( 1 957)  Yoder  and  Tilley  ( 1 962)  and 
later,  in  modified  form,  by  O’Hara  (1965)  all  working  with 
experimental  data,  postulates  that  alkalic  magma  is  independently 
derived  from  a different  source  region  at  a greater  depth  than  that 
which  produced  the  tholeiite. 

Evidence  based  on  geochemistry  shows  that  the  first  hypothesis 
is  clearly  untenable  as  a simple  single-stage  fractionation  process, 
even  for  those  volcanoes  for  which  isotopic  ratios  are  similar  in  the 
two  rode  types.  Mass- balance  calculations  made  using  hyper sthene 
as  a dominant  crystallizing  phase  satisfy  major  oxides,  but  leave 
minor  and  incompatible  trace  elements  out  of  balance;  that  is,  the 
alkalic  basalt  always  has  greater  amounts  of  incompatible  elements 
(K,  P,  light  rare-earth  elements,  and  so  on)  than  can  be  explained 
by  balancing  Si02,  A1203,  FeO,  MgO,  and  CaO.  Chondrite- 
normalized  rare-earth-element  patterns  are  always  steeper  for  alkalic 
basalt  than  for  tholeiite,  a relation  not  explainable  by  removal  of 
hypcrsthene  in  which  solid -liquid  partition  coefficients  for  rare-earth 
elements  are  too  low  to  significantly  steepen  the  patterns  for  deriva- 
tive liquids.  The  mismatch  between  trace  elements  and  major  oxides 
might  be  rectified  in  a model  involving  a continuously  replenished 
magma  system  (see  O’Hara,  1977)  However,  replenishment  does 
not  have  much  appeal  in  explaining  the  waning  stage  of  Hawaiian 
volcanism.  Hypothesis  1 is  also  difficult  to  apply  to  an  earlier  stage 
of  alkalic  volcanism,  such  as  Loihi,  where  alkalic  magma  is  preced- 
ing. rather  than  following,  tholeiitic  magma. 

Modem  evidence  favors  the  first  part  of  hypothesis  2,  that  the  1 
alkalic  basalt  is  generated  independently  of  the  tholeiite  in  an 
isotopically  different  source  mantle.  The  depths  at  which  either  type 
of  magma  is  generated  or  last  equilibrated  is  an  unresolved  issue. 
The  identification  of  mantle  metasomatism,  isotopic  heterogeneity, 
and  possible  mixing  of  source  mantle  materials  with  each  other  and 
with  basaltic  meh  provide  little  certainty  as  to  the  absolute  depths  of 
generation  of  any  basaltic  meh,  with  the  exception  that  the  depths 
are  in  the  mantle  and  below  the  deepest  earthquake  foci  (60  km  for 
Hawaii)  At  Loihi  further  complications  arise.  The  data  require 
simultaneous  eruption  of  magma  that  has  equilibrated  at  different 


depths  and  that  docs  not  show  the  same  isotopic  relations  as  shown 
for  the  tholeiitic-aikalic  transition  at  the  end  of  Hawaiian  volcanism. 

The  origin  of  the  nephelinibc  series,  those  containing  modal 
nephelinc  and  (or)  melilite,  is  yet  another  story.  Clague  and  Frey 
(1982)  have  exhaustively  analyzed  data  for  the  Honolulu  Volcanics 
on  Oahu.  They  conclude  that  this  series  was  produced  at  degrees  of 
melting  ranging  from  5-11  percent  and  requires  some  premelting 
metasomatism  of  a garnet  peridotite  source.  They  specify  melting  at 
a pressure  of  2. 5-3.0  GPa,  corresponding  to  a maximum  depth  of 
about  100  km.  Other  workers,  for  example  Jackson  and  Wight 
(1970)  and  Wright  (1984)  favor  an  origin  in  the  low  velocity  zone, 
deeper  than  100  bn.  Because  as  much  as  2 m.y.  separates  the  truly 
nephelinitic  series  from  underlying  lava  at  the  same  locality,  the 
nephelinite  series  should  be  only  indirectly  related  to  the  thermal 
plume  assumed  to  exist  for  the  building  of  the  large- volume 
Hawaiian  shields.  Jackson  and  Wight  (1970,  p.  427)  hypothesised 
that  post-erosional  lava  erupts  due  to  release  of  pressure  following 
the  re-establishment  of  isostatic  equilibrium,  which  was  upset  during 
the  vast  extrusions  of  shield- building  lava.  A more  recent  evaluation 
(Clague  and  Dalrymple,  chapter  I,  part  I)  finds  that  the  time 
separating  the  shield-building  lava  and  the  uppermost  alkalic  lava  is 
decreasing  downchain  and  that  the  occurrence  of  post-erosional 
volcanism  maintains  a constant  distance  from  contemporaneous 
shield-building  activity.  This  evaluation  is  consistent  with  the  Jack- 
son- Wight  model. 


MELTING  MODELS  AND  THE  NATURE  OF  THE 
HAWAIIAN  MANTLE 

Numerous  recent  models  for  Hawaiian  volcanism  have  been 
based  on  very  different  premises  and  data  sets.  Not  surprisingly,  the 
various  authors  come  to  different  conclusions  regarding  some  of  the 
fundamental  facts  needed  to  specify  the  history  of  Hawaiian  magma 
from  its  source  in  the  mantle  to  its  eruption  at  the  Earth’s  surface. 
These  facts  are,  in  part,  the  following,  each  of  which  has  been  or 
needs  to  be  ascertained  for  each  major  rock  type  or  stage  of 
volcanism,  that  is,  shield-building  tholeiite,  preshield  and  caldera- 
filling alkalic  basalt,  and  uppermost  alkalic  to  nephelinitic  rocks. 

1 . Mantle  sources:  depth,  mineralogy,  and  bulk  composition. 

2.  Depth  of  partial  melting. 

3 Melt  fraction  produced  at  time  of  melting. 

4.  Degree  to  which  primary  magma  is  changed  on  the  way  to 
storage  in  the  shallow  crust  or  to  eruption,  for  example,  loss  of 
olivine,  interaction  with  wall  rocks,  and  mixing  during  ascent. 

An  excellent  summary  of  current  models  to  explain  the 
Hawaiian  magma  system  is  presented  by  Frey  and  Roden  (in  press) 
The  geochemical  models  are  grouped  into  those  based  primarily  on 
isotopic  data  (Kaneoka,  chapter  27;  Kaneoka,  in  press;  Fatsumoto 
and  others,  chapter  26;  Staudigel  and  others,  1984;  Stille  and 
others,  in  press)  those  based  on  trace-element  data  (Leeman  and 
others,  1980;  Clague  and  Frey,  1982;  Hofmann  and  White,  1982; 
Budahn  and  Schmitt,  1985)  or  those  based  on  a combination  of 
isotopic  and  chemical  data  (Chen  and  Frey,  1983,  1985;  Feigenson, 
and  others,  1983;  Feigensen,  1984;  Roden  and  others,  1984; 
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Hofmann  and  others,  1984;  Clague,  in  press;  Feigensen,  in  press; 
Lanphere  and  Frey,  in  press).  The  geochemical  models  are  in 
general  formulated  to  fit  established  geochemical  assumptions  (such 
as  nonfractionation  of  isotopes  and  chondritic  source  compositions) 
and  pay  little  attention  to  either  geophysical  considerations  or  the 
constraints  afforded  by  study  of  active  volcanism.  Some  additional 
models  (Presnail  and  Hehley,  1982;  Sen,  1963)  are  based  on  the 
interpretations  of  geophysical  data  and  on  experimentally  determined 
phase  equilibria  for  basalt  and  for  mantle  rocks,  but  fail  to  apply 
their  interpretations  to  actual  geochemical  balances.  Anderson 
(1981)  has  proposed  models  based  on  seismologic  data  using  the 
velocity  structure  of  the  mantle  and  has  attempted  to  reconcile  these 
models  with  the  existing  geochemical  data,  again  without  quan- 
titative verification.  Wright  (1984)  has  considered  geochemical 
balances  consistent  with  the  physical  processes  involved  in  construct- 
ing an  Hawaiian  volcano.  However,  the  various  authors  find  little 
agreement  on  items  1-4  above. 

On  item  I,  disagreement  arises  as  to  the  existence  of  a deep 
mantle  plume,  whether  such  a plume  would  supply  the  material  to  be 
melted  (as  opposed  to  the  heat  for  melting  at  upper  mantle  depthsX 
and  as  to  the  nature  of  the  residual  assemblage  after  melting.  The 
3He/4He  ratios  for  some  volcanoes  support,  in  a striking  way,  the 
primitive  nature  erf  Hawaiian  magma  sources  (see  Kaneoka,  chapter 
27 X Additional  constraints  on  mantle  sources,  as  determined  by 
study  of  rare  gas  data,  are  given  by  Clague  (in  pressX  As  noted 
earlier,  there  is  agreement  that  several  isotopically  distinct  sources 
participate  at  some  point  prior  to  melting  and  (or)  storage  at  crustal 
levels.  On  the  composition  of  the  residual  assemblage  present  after 
melting,  two  extreme  views  are  presented:  (I)  Budahn  and  Schmitt 
(1985)  use  convergence  of  chondrite-normalized  rare-earth-element  j 
patterns  at  the  heavy  end  to  infer  the  necessity  of  garnet  in  the  j 
residual  assemblage  for  melting  all  Hawaiian  basah,  and  (2)  Wright 
(1984)  argues  for  a metasomatic  process  by  which  the  garnet-like 
rare-earth -element  signature  is  imparted  to  a depleted  mantle  source 
formed  by  melting  of  midocean  ridge  basalt  before  melting  to 
produce  Hawaiian  tholeiite. 

Most  workers  agree  on  item  2 that  the  actual  partial  melting 
occurs  at  uppermost  mantle  depths  (that  is,  1 00  ± 50  km)  but 
disagree  as  to  whether  lithosphere  or  astbenosphere  is  directly 
melted.  Presnall  and  Helsley  (1982)  and  Sen  (1983)  favor 
lithospheric  melting,  which  has  been  strongly  criticized  on  both 
geochemical  and  physical  grounds  (see  Feigenson,  m press).  Most 
authors  favor  primary  melting  of  the  asthenosphere.  Wight  ( 1 984) 
differs  from  both  in  postulating  that  melting  takes  place  in 
asthenosphere  that  begins  as  oceanic  lithosphere,  but  through  a 
combination  of  metasomatic  enrichment  and  lithospheric  thinning 
was  converted  to  asthenosphere  before  melting.  Chen  and  Frey 
(1983,  1985)  propose  that  melts  are  generated  ui  the  asthenosphere 
and  subsequently  modified  during  passage  through  the  lithosphere. 

Arguments  about  item  3 follow  from  the  consideration  of 
residual  assemblages.  Hie  geochemical  models,  whether  using 
incompatible  element  enrichment,  or  garnet  as  a residual  phase,  infer 
small  (less  than  10  percent)  degrees  of  melting,  even  for  tholeiite. 
This  model  results  in  a conundrum  regarding  the  supply  of  material 
to  be  melted.  As  aptly  stated  by  Chen  and  Frey  (1983,  p.  789) 


“the  entire  lower  lithosphere  and  much  of  the  asthenosphere  beneath 
a Hawaiian  volcano  must  be  involved  in  its  creation."  Hofmann  and 
others  (1984)  in  a study  of  short-term  chemical  variation  at  Kilauea. 
remain  noncommittal  on  absolute  degree  of  melting,  although  their 
requirement  that  garnet  be  a residual  phase  restricts  the  degree  of 
melting  to  less  than  20  percent,  in  consideration  of  high-pressure 
phase  relations  in  ukramaEc  systems.  O'Hara  (1985)  points  out 
some  important  constraints  on  assumptions  of  the  degree  of  partial 
melting,  based  on  evaluation  of  the  real  shape  of  the  mehing 
anomaly. 

Conclusions  regarding  item  4 are  largely  a consequence  of 
inferences  made  for  items  1-3.  As  stated  above,  isotopic  data 
appear  to  require  a more  complicated  history  than  one  might  infer 
from  other  data.  The  existence  of  magma  batches  at  Kilauea  (see 
Wright  and  others,  1975)  requires  heterogeneity,  either  inherited 
from  the  meh  source  or  produced  between  initial  melting  and  shallow 
storage.  Even  this  concept  (that  is,  magma  batches  at  Kilauea X 
carefully  outlined  in  a series  of  papers  (Wight  and  Fiske,  1971; 
Wight  and  others,  1975;  Wnght  and  Tilling,  I980X  has  been 
questioned  by  Hofmann  and  others  ( 1 984 X who  claim  that  the  data 
define  a continuum  in  all  elements.  We  disagree  and  leave  this  subject 
as  a point  to  emphasize  bow  difficult  it  is  to  reach  a consensus  of 
interpretation  on  any  observations  of  Hawaiian  volcanism. 

Finally,  Anderson  (1984,  1985)  has  questioned  all  of  the 
conventional  ideas  regarding  items  1-4.  He  favors  a source  for 
magma  in  the  transition  region  at  200-250  km  depth  where  large 
scale  melting  is  followed  by  processes  such  as  eclogite  fractionation 
during  ascent  and  mixing  with  melts  from  enriched  mantle  at  shallow 
depth,  to  produce  the  rocks  forming  both  the  oceanic  crust  and  the 
oceanic  islands  such  as  Hawaii.  Time  will  tell  whether  these 
provocative  ideas  can  be  quantified  and  tested  against  all  of  the 
geochemical  and  geophysical  constraints  provided  by  study  of  active 
volcanism. 

One  additional  way  of  determining  the  composition  of  the 
mantle  and  the  melting  process  is  through  study  of  xenoliths  brought 
up  with  basalt.  The  processes  by  which  xenoliths  arrive  a!  the 
surface  of  the  earth  is  somewhat  enigmatic.  Both  tholeiitic  magma 
and  alkalic  magma  show  abundant  evidence  of  shallow  storage, 
although  the  general  absence  of  mantle  inclusions  from  tholeiite  and 
their  frequent  association  with  alkalic  magma  remains  unexplained. 
Clague  (in  press)  suggests  that  xenoliths  are  filtered  out  of  tholentic 
magma  during  storage  in  large  magma  chambers.  Wight  (1984) 
makes  a further  suggestion  that  the  rates  of  tholeiitic -magma  trans- 
port arc  too  slow  and  the  coalescing  transport  paths  too  thin  to 
permit  xenoliths  to  arrive  at  the  surface.  Nephdtnitic  magma  is 
inferred  to  erupt  directly  from  the  mantle  and  carry  the  only 
Iherzohte  and  gamet-bearmg  xenoliths.  Frey  and  Roden  (in  press) 
provide  an  excellent  summary  of  the  relations  of  xenoliths  to  both 
basalt  and  mantle  sources.  Diey  point  out  that  virtually  all  xenoliths 
have  undergone  modification  prior  to  their  inclusion  in  the  ascending 
magma  in  the  form  of  interaction  with  fluids  that  may  change  tTace- 
clrmrnt  content,  isotopic  ratios,  or  deposit  hydrous  minerals.  Ibere- 
fore,  because  of  these  factors,  combined  with  their  small  size,  no 
xenohth  can  be  interpreted  as  representing  the  bulk  mantle,  or  any 
part  of  the  mantle  large  enough  to  be  considered  as  a source 
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composition  in  melting  models.  Nonetheless,  their  presence  is  useful 
in  assessing  the  depth  of  origin  of  some  Hawaiian  basalt. 

Perhaps  no  single  model  works  for  all  volcanoes  in  the  chain. 
As  Frey  and  Roden  (in  press)  point  out,  a problem  in  developing  a 
general  model  is  that  it  must  explain  both  the  unique  geochemical 
features  that  characterize  individual  Hawaiian  volcanoes  and  simul- 
taneously explain  the  geochemical  variations  among  all  Hawaiian 
volcanoes.  As  a final  point,  we  want  to  reemphasize  the  necessity  for 
comprehensive  study  of  everything  relevant  to  construction  of  an 
individual  Hawaiian  volcano  as  well  as  the  entire  volcanic  chain  (see 
Wright  and  others.  1979;  Wright,  I9&4)  Recent  advances  in  our 
understanding  of  seismology  (Anderson  and  others,  I984X  phase 
relations  of  uHramahc  rocks  (Takahashi  and  Scarfe,  1985;  Walker 
and  Herzberg,  1985X  and  the  physical  processes  of  melt  separation 
(MacfCenzie,  1984;  Richter  and  MacKenzie,  1984)  may  eventually 
resolve  both  the  depth  and  degree  of  partial  melting  in  a way  that 
can  accommodate  the  constraints  provided  by  active  volcanic  proc- 
esses. 

SUGGESTIONS  FOR  FURTHER  STUDY 

The  acquisition  of  more  chemical  data  on  Hawaiian  lava  has 
increased  our  qualitative  and  quantitative  understanding  of 
Hawaiian  petrology  and  has  also  raised  new  questions  for  further 
study.  Obviously,  the  location  of  Hawaii,  in  the  intenor  of  an 
oceanic  plate  far  removed  from  influences  of  spreading  centers  or 
continental  margins,  continues  to  provide  a setting  in  which  possible 
determinations  can  be  made  as  to  the  nature  of  the  oceanic  crust  and 
mantle  and  the  dynamics  of  plume  or  hotspot  volcanum.  Presently 
the  heterogeneities  in  the  hotspot  magma  sources  are  being  empha- 
sized. Yet  over  the  long  term  it  is  important  to  keep  in  mind  that  the 
Hawaiian  chain  has  shown  an  identifiable  eruptive  style  and  geo- 
chemical signature  for  over  70  million  years.  Thus,  a gross  uniform- 
ity must  exist  in  the  source  and  some  unifying  principles  in  the 
production  of  Hawaiian  magma,  the  mechanics  of  its  segregation 
from  the  mantle,  and  its  transport  to  areas  of  storage  within  the 
crust.  Further  study  of  the  following  topics  ought  to  bring  us  to  a 
better  understanding  of  the  processes  important  in  the  formation  of 
Hawaiian  volcanoes:  (1)  Continued  detailed  geochemical  study  of 
stratigraphically  constrained  samples;  (2)  geophysical  study  of  the 
mantle;  (3)  more  detailed  petrographic  study  (both  field  and  dun 
section)  of  lava  samples,  including  detailed  electron  probe  analysis  of 
phase  chemistry;  and  (4)  more  study  of  the  submarine  portions  of 
active  or  young  rift  zones.  For  example,  cursory  petrographic  study 
of  submarine  rift  samples  identified  mineral  forms  and  textures  such 
as  anhedra!  olivine  and  sieved  plagjodase  that  suggest  that  processes 
involved  in  submarine  lava  are  difierent  from  those  in  subaerial 
equivalents  on  the  same  rift  zones. 
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TRACE-ELEMENT  CHEMISTRY  OF  KILAUEA  AND  MAUNA  LOA  LAVA  IN 
SPACE  AND  TIME:  A RECONNAISSANCE 

By  Robert  I.  Tilling,  Thomas  L.  Wright,  and  Hugh  T.  Millard,  Jr. 


ABSTRACT 

Rare-earth  and  other  trace  elements  have  been  determined 
in  75  Kilauea  and  Mauna  Loa  tholeiite  samples  selected  from 
the  same  rock  powders  previously  analyzed  by  Wright  (USGS 
Prof.  Paper  735,  1971),  to  provide  a representative  sampling  in 
space  and  time.  Preliminary  interpretations  of  the  results 
include  the  following: 

(1)  Abundance-variation  patterns  for  well-determined  trace 
elements  confirm  the  long-term  temporal  variation  previously 
demonstrated  by  major-element  data  for  olivine-controlled  Ki- 
lauea lava-  Younger  lava  is  richer  in  olivine- incompatible  con- 
stituents (such  as  K,  Ti,  P,  LREE,  Sc,  and  Hf):  the  behavior  of 
uranium  is  more  varied  but  fits  the  overall  pattern.  Results  for 
less  well  determined  incompatible  elements  provide  supporting 
permissive  evidence. 

(2)  Subtle  systematic  differences  are  observed  between  the 
mean  compositions  of  olivine-controlled  lava  from  the  summit 
and  rift-zone  areas  of  Kilauea  and,  perhaps,  Mauna  Loa,  indica- 
ting a possible,  heretofore  unrecognized,  compositional  varia- 
tion with  eruption  locus. 

(3)  Our  results  confirm  the  observation  of  Budahn  and 
Schmitt  (Geochim  et  Cosmo.,  » 49,  1985)  that  prehistoric 
Mauna  Loa  olivine-controlled  lava  differs  systematically  from 
its  historical  counterpart.  Furthermore,  our  data  demonstrate 
significant  differences  between  19th-century  and  20th-century 
Mauna  Loa  lava,  suggesting  systematic  long-term  secular  varia- 
tion not  previously  detected  from  major-element  studies  alone. 

(4)  Mauna  Loas  long-term  variation  trend,  in  contrast  to 
Kilauea 's,  is  characterized  by  decreasing  abundances  of  olivine- 
incompatible  constituents  with  time.  Thus,  the  composition  of 
lava  from  the  two  volcanoes  diverges  with  time,  resulting  in 
maximum  differences  between  them  in  the  20th  century.  The 
chemical  distinction  between  Kilauea  and  Mauna  Loa  has 
existed  for  over  30,000  years. 

(5)  Superimposed  on  the  long-term  (centuries  to  millenia) 
variations  for  both  volcanoes  are  short-term  (years  to  decades) 
variations  that  cannot  be  explained  by  olivine  control. 

(6)  Rhodes'  (Jour,  of  Geophys.  Res.,  v.  88,  1983)  data  for 
114  analyses  of  Mauna  Loa  historical  lava  are  interpreted  to 
illustrate  not  only  long-term  variation,  marked  by  an  irregular 
decrease  in  the  incompatible  elements  K,  Ti,  P,  Nb,  Zr,  and  Sr, 
but  also  short-term  variation  (<1  year).  A sharp  compositional 
break  exists  between  the  lava  of  the  1888  and  1880  eruptions, 
and  we  speculate  that  this  break  may  reflect  disruption  of 
magmatic  processes  in  Mauna  Loas  reservoir  and  conduits 
caused  by  the  catastrophic  1868  earthquake,  the  largest  to 
strike  the  Island  of  Hawaii  in  historical  time. 

Our  tentative  findings  have  general  implications  for  proc- 
esses of  intraplate  (hot  spot)  volcanism.  Specifically,  any  com- 
plete petrogenetic  model  for  Hawaiian  tholeiite  must  take  into 
account  both  long-term  and  short-term  variations  in  olivine- 
controlled  lava  of  Kilauea  and  Mauna  Loa. 


INTRODUCTION 

Kilauea  and  Mauna  Loa  Volcanoes,  on  the  Island  of  Hawaii 
(fig.  24. 1 X are  composed  entirely  of  tholciitic  basalt  erupted  in  an 
intraplate  tectonic  setting.  Because  of  their  generally  nonexplosive 
character,  the  eruptions  of  these  two  volcanoes — among  the  most 
active  in  the  world — have  been  systematically  monitored,  docu- 
mented, and  sampled.  The  papers  in  this  volume  attest  to  the  wealth 
of  observational  data  and  the  comparatively  good  general  under- 
standing of  Hawaiian  magmatic  and  eruptive  mechanisms  that  have 


FlCUR£  24. 1.  — Index  map  showing  five  volcanoes  that  make  up  Island  of  Hawaii 
and  rift  rones  of  Kilauea  and  Mauna  Loa  Volcanoes.  MU,  ute  of  1969-74 
Mauna  Ulu  eruption  on  Kilauea  s upper  east  rift  rone.  (From  MVight,  1971.  fig. 
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been  achieved  by  many  decades  of  modem,  multifaceted  studies 
since  the  founding  of  the  Hawaiian  Volcano  Observatory  in  1912. 

This  paper  reports  results  from  the  initial  phase  of  a com- 
prehensive investigation  into  the  trace-clement  geochemistry  of  Ki- 
lauea  and  Mauna  Loa  lava  undertaken  as  a complement  to  the 
systematic  major-element  geochemical  study  of  Wight  (1971).  ; 
There  were  three  primary  objectives  of  this  initial  phase:  (I)  to 
conduct  a reconnaissance  trace-element  survey  of  representative 
samples  of  Kilauea  and  Mauna  Loa  lava  to  determine  possible 
compositional  variations  with  location  of  eruptive  vents  or  with  time; 
(2)  to  improve  our  understanding  of  the  distribution  of  trace  elements 
in  olivine-controlled  lava,  whose  major-element  variations  can  be 
explained  largely  by  the  addition  or  subtraction  of  olivine  only  (see, 
for  example.  Powers,  1955;  Murata  and  Richter,  1966a, b;  Wright, 
1971,  1973);  and  (3)  to  identify  selected  trace  elements  whose 
abundances  could  be  determined  precisely  and  accurately  to  serve  as 
the  focus  for  subsequent,  more  quantitative  studies  of  specific  suites 
of  olivine-controlled,  differentiated,  and  hybrid  lava  to  bear  on  the 
petrogenesis,  transport  and  storage,  and  eruption  of  Hawaiian 
tholeiite. 

Our  study,  involving  75  representative  samples,  considerably 
increases  the  body  of  trace-element  data  for  Kilauea  and  Mauna 
Loa  lava,  especially  lava  erupted  in  prehistoric  times  (before  about 
A.D.  I750)l  The  analytical  data  we  report  here,  though  not 
published  previously,  were  acquired  more  than  a decade  ago; 
possibly  some  analyses  may  be  of  lower  quality  than  might  be 
obtained  today.  Therefore,  we  have  paid  particular  attention  to  their 
precision  and  accuracy,  evaluated  by  comparison  with  more  recent 
published  analyses  of  Kilauea  and  Mauna  Loa  tholeiite  (for  exam- 
ple, Casadeval!  and  Dzurisin,  chapter  13;  Leeman  and  others, 
1977,  1980;  Basaltic  Volcanism  Study  Project,  1981;  Rhodes, 
1983;  Hoffman  and  others,  1984;  Budahn  and  Schmitt.  1985).  As 
will  be  seen,  our  reconnaissance  data  agree  well  for  many  elements 
with  analytical  results  obtained  by  other  laboratories  on  similar,  or, 
in  some  cases,  the  same  samples.  These  data  should  provide  a 
broader  context  for  the  evaluation  of  recent  petrogenetic  models  of 
the  origin  of  Hawaiian  tholeiite  (for  example,  Hoffman  and  others, 
1984;  Wright,  1984;  Budahn  and  Schmitt,  I985X  as  well  as  for  the 
design  of  specific,  topical  studies  to  refine  our  understanding  of 
olivine-controlled  basaltic  lava. 
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PREVIOUS  WORK 

Pioneering  petrologic  and  chemical  studies  of  Kilauea  and 
Mauna  Loa  lava  include  those  of  Macdonald  (1949a,  b;  I968X 
Powers  (I955X  Tilley  and  Scooo  (196IX  Murata  and  Richter 
(1966a,  bX  and  Aramaki  and  Moore  (I969X  From  these  and  other 
previous  studies,  several  important  conclusions  developed:  (I)  For 
most  of  the  lava  from  a given  volcano,  chemical  variations  can  be 
largely  explained  by  addition  or  subtraction  of  olivine  (this  is  known 
as  olivine  controlX  although  some  marked  exceptions  have  been 
noted;  (2)  systematic  petrographic  and  chemical  differences  exist 
between  the  lavas  of  these  two  volcanoes;  for  example,  orthopyrox- 
ene  commonly  occurs  in  small  amounts  in  Mauna  Loa  lava  but  is 
almost  totally  absent  in  Kilauea  lava;  (3)  composition  of  Kilauea 
lava  during  some  eruptions  varied  with  time;  and  (4)  variations  in 
composition  in  space  and  (or)  time  may  be  related  to  separate  and 
chemically  distinct  batches  of  magma. 

These  observations,  based  almost  exclusively  on  petrographic 
and  major-element  analyses,  were  comprehensively  documented  and 
extended  not  only  for  olivine-controlled  lava,  but  also  for  differenti- 
ated and  hybnd  lavas,  by  Wright  and  coworkers  (Wnght,  1971, 
1973;  Wnght  and  Fiske,  1971;  Wnght  and  others.  1975;  Weight 
and  Tilling,  1980X  As  defined  and  demonstrated  empirically 
(Wright,  1971;  Wnght  and  Fiske,  197 IX  Hawaiian  olivine-control' 
led  lava  characteristically  has  MgO  contents  greater  than  6.80 
weight  percent,  differentiated  lava  invariably  contains  less  than 
6.80,  and  hybrid  lava  vanes  in  MgO  content  depending  on  the 
mixture  of  olivine-controlled  and  differentiated  magmas. 

Beginning  in  the  mid-1960s,  numerous  trace-clement  and 
isotopic  studies  obtained  data  on  Hawaiian  tholeiite  and  other  basalt 
types  (for  example,  Powell  and  Delong,  1966;  Tatsumoto, 
1966,1978;  Frey  and  others,  1968;  Gast,  1968;  Hubbard,  1969; 
Schilling  and  Winchester,  1969;  Peterman  and  Hedge,  1971; 
DePaolo  and  Wasserburg,  1976;  O’Nions  and  others,  I977X  Most 
pertinent  for  our  present  purposes  are  the  studies  that  contain 
analytical  data  on  lava  from  Kilauea  and  Mauna  Loa  (for  example, 
Gunn,  1971:  Wright,  1971;  Leeman  and  others,  1977,  1980; 
Rhodes  and  Lipman,  1979;  Easton  and  Garcia,  1980;  Basaltic 
Volcanism  Study  Project,  1981;  Rhodes  and  others,  1982; 
Rhodes,  1983;  Budahn  and  Schmitt,  I985X  The  significance  of 
trace-element  and  isotopic  constraints  on  petrogenetic  models  for  the 
derivation  of  Hawaiian  tholeiite  is  readily  apparent  from  several 
recent  papers  (for  example,  Clague  and  Frey,  1982;  Frey  and 
Clague,  1983;  Staudigel  and  others,  1984;  Wnght,  I984X  In  this 
paper  we  will  touch  briefly  on  how  our  reconnaissance  data  might 
bear  on  these  models. 
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SAMPLE  SELECTION  AND  ANALYTICAL 
TECHNIQUES 

SAMPLE  SELECTION 

Because  of  the  reconaissance  nature  of  this  study,  the  materials 
analyzed  were  selected  with  the  following  requirements  in  mind: 

(1)  Representative  sampling  of  the  eruptions  of  each  volcano 
in  space  (summit,  rift  zones,  flanks)  and  in  time  (prehistoric, 
18th- 19th  centuries,  20th  century). 

(2)  Representative  sampling  of  the  range  in  MgO  content,  if 
applicable,  for  each  time-space  lava  group.  This  was  done  in  order 
to  compare  the  variations  in  trace-element  distribution  with  varia- 
tions expected  from  olivine  control.  Accordingly,  the  samples  chosen 
for  study  are  predominantly  those  demonstrated  by  VM-ight  (1971) 
from  major -element  chemistry  to  be  olivine  controlled.  For  com- 
parative purposes,  we  also  selected  several  samples  of  differentiated 
and  hybrid  lava. 

(3)  Use  of  the  same  rock  powders  analyzed  chemically  for 
previous  studies  OXfright,  1971;  \X>Vight  and  Rske,  1 97 1 X This 
permitted  direct  comparison  with  published  major -element  composi- 
tions and  minimized  variation  stemming  from  sample  inhomogeneity. 
Some  samples  initially  chosen  could  not  be  studied  because  none  of 
the  original  rock  powder  was  available  for  analysis;  where  possible, 
suitable  alternative  samples  meeting  the  other  requirements  were 
substituted.  In  all,  75  samples  (44  from  Kilauea,  31  from  Mauna 
Loa)  were  analyzed  by  the  techniques  described  below. 

ANALYTICAL  TECHNIQUES 

The  concentrations  of  28  major,  minor,  and  trace  elements  (Cs, 
Rb.  Ba,  Sr,  K,  Na,  Th.  U.  La,  Ce.  Nd,  Sm.  Eu,  Gd.  Tb,  Dy, 
Tm,  Yb.  Lu.  Ta.  Zr,  Hf.  Sb.  Sc,  Mn,  Fe,  Cr.  and  Co)  were 
determined  using  the  instrumental  neutron  activation  analysis 
(1NAA)  procedure  outlined  in  Zielinski  and  others  (1977)  and  in 
Dodge  and  others  (I982)t  The  analytical  procedure  uses  1.1-  to 
2.3-g  splits  of  the  powdered  basalt  samples;  USGS  standard  rocks 
G-2  and  CQS-2  (a  synthetic  standard  prepared  by  adding 
solutions  of  the  elements  of  interest  to  a high- purity  quartz  powder, 
drying,  and  mixing)  are  used  as  standards.  Sets  of  the  samples  and 
standards  are  irradiated  for  20  min  in  a neutron  flux  of  30  X I09 
n/cm2/s,  allowed  to  decay  for  1 h:  the  short-lived  nuclides  are  then 
gamma-counted  twice  on  a coaxial  Ge(Li)  detector.  The  samples 
and  standards  are  then  reirradiated  for  8 h in  a flux  of  3x  1012 
n/cm2/s  and  counted  on  the  coaxial  Ge(Li)  detector  and  also  on  a 
low-energy  planar  Ge(Li)  detector.  The  counting  conditions  of  our 
procedure  are  given  in  table  24. 1 . Five  separate  irradiations  were 
required  to  analyze  the  75  samples,  grouped  as  shown  in  table  24.2. 

A computer  is  used  to  calculate  the  areas  under  the  photopeaks 
and  apply  corrections  for  pulse  pileup,  decay  time,  and  interfering 
activities  at  the  same  gamma  energies  caused  by  other  nuclides  or  by 
the  fission  of  uranium  and  thorium.  The  pulse-pileup  correction  is 
computed  by  comparing  the  concentrations  of  iron  determined  by 
INAA  to  those  determined  by  classical  rock  analysis  or  X-ray 
fluorescence  techniques.  The  concentration  of  an  dement  in  the 
sample  is  computed  by  multiplying  the  concentration  in  the  standard 


by  the  ratio  of  the  corrected  photopeak  area  in  the  sample  to  that  in 
the  standard  and  by  the  weight  ratio  of  standard  to  sample.  Values 
for  the  various  isotopes  of  each  element  and  for  different  decay  times 
are  weighted  according  to  the  reciprocal  of  the  variance  based  on 
counting  statistics  and  combined  to  yidd  a single  concentration  for 
each  element. 

A direct  assessment  of  the  precision  and  accuracy  of  our 
INAA  analytical  procedure  is  provided  by  results  for  five  splits  of 
basalt  standard  BCR- 1 (Columbia  River  basalt)  shown  in  table 
24.3.  The  accuracy  for  the  determinations  of  Rb,  Sr,  Th,  Sm,  Tb, 
Tm,  and  Sb  is  poor,  as  is  the  precision  for  Gd,  Tb,  Tm,  Ta,  and 
Sb  (coefficient  of  variation  >20  percent)  Another  diagnostic 
evaluation  of  our  INAA  procedure  is  afforded  by  interiaboratory 
comparison  of  results  obtained  for  Hawaiian  tholeiite  (tables  24.4, 
24.5,  24.6;  fig.  24.2)  Such  comparisons  indicate  that  our  rare- 
earth  dement  (REE)  data  agree  wdl  with  published  values  on  the 
same  or  similar  samples,  but  the  accuracy  of  our  INAA  determina- 
tions of  Th  and  Zr  is  unsatisfactory,  even  though  their  precision  may 
be  acceptable.  Our  determination  of  Sm  abundance  is  high  relative 
to  other  values  for  the  BCR-1  basalt  standard  (table  24.3)  but 
systematically  low  compared  with  reported  values  for  Kilauea  and 
Mauna  Loa  lava  (table  24.2;  fig.  24.2)  For  reasons  of  poor 
accuracy  and  (or)  precision,  our  INAA  determinations  of  Rb,  Sr, 
Zr,  Th,  U,  Sb,  Gd,  Tb,  and  Tm  are  not  given  in  the  tabulations  of 
individual  analyses  (tables  24.9-24.12,  24.15-24.19)  despite 
good  agreement  for  occasional  samples  (see  tables  24.4,  24.5) 
However,  possibly  significant  qualitative  differences  in  the  con- 
centration ranges  and  averages  of  some  of  the  determinations  with 
poor  precision,  but  with  acceptable  accuracy,  are  noted  where 
appropriate.  The  INAA  results  for  the  major  elements  Na,  K,  Fe, 
and  Mn,  which  accord  wdl  with  values  determined  previously  by 
classical  rock  analysis  (\&Vight,  1971)  are  not  reported. 

The  abundances  of  V,  Ni,  Cu,  Mo,  Zn,  Ga,  Nb,  Y,  and  Pb 
reported  were  determined  by  a computerized  emission- spec  - 
trographic  (ES)  technique  described  by  Dorrzapf  (1973)  Even 
though  this  method  is  only  semiquantitative  in  approach,  results  for 
some  of  the  reported  dements  compare  favorably  with  values 
determined  by  quantitative  techniques  (tables  24.4,  24.5)  Accord- 
ing to  Dorrzapf  (1973.  p.  561)  the  precision  of  the  technique  “is 
within  the  range  of  +50  to  —30  percent  of  the  amount  pres- 
ent** "and  approaches  +10-15  percent  for  many  dements***." 
However,  strong  biases  were  observed  for  some  dements  (for 
example,  Nb)  that  exceeded  this  stated  uncertainty. 

Comparison  of  available  data  (tables  24.4,  24.5)  indicates 
that  the  emission-spectrographic  determinations  of  Zn  and  Pb 
appear  to  be  accurate,  but  the  values  for  Cu  and  Nb  are  low 
compared  to  determinations  by  more  quantitative  techniques  (table 
24.4;  Gunn,  1971,  table  I)  Fair  agreement  exists  between  the 
available  reported  analyses  of  V,  Ni,  Ga,  and  Y,  despite  wide 
scatter  in  data  stemming  from  differences  in  techniques,  samples 
analyzed,  possible  laboratory  biases,  and  other  factors.  Other  than 
the  analyses  of  standard  BHVO-1,  we  know  of  no  published  data 
for  Mo  concentration  in  Hawaiian  tholeiite  to  compare  with  our 
results.  Thus,  we  have  excluded  the  determinations  of  Cu  and  Nb  in 
the  individual  analyses,  but  have  retained  the  other  emission- 
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TABLE  24. 1 . Instrumental  gamma- counting  conditions  for  neutron  -octkxtion  analysn 
[Lificwncy  o i coaxuI  G£(LiX  10  perent.  m of  pUa*r  CXLiX  0.76$  ca^} 


Decay 

time 

Coaxial  Ue(Li ) 

Planar  Ge(Li) 

Source- 

detector 

distance 

Counting 

tise 

(aln) 

Resolution 
(eV  row 
at  1,333  keV) 

Source- 

detector 

distance 

Counting 

time 

(min) 

Resolution 
(eV  row 
at  122  keV) 

1-5  h 

6.0 

16.7 

2,000 

— 

— 

500 

7 d 

6.0 

16.7 

2,000 

3.0 

16.7 

500 

14  o 

3.0 

33.3 

2,000 

3.0 

33.3 

500 

60  d 

.5 

167 

2,000 

1.0 

167 

500 
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TaBI-L  24.4. — Average  compoufiom  of  *ampia  from  20th  century  Kilauea  lummit  eruption*  compand  with  Uandard  bmak 
BHVO-I  from  1919  eruption 

[MgO  Mtd  KjO  icptiitrd  m wngfct  percent;  olhet  all  ppm  value  not  give*  hi  publication  Sample*  from  20th-century  erupboni 

«<|jualnj  to  7.00  Wright  percent  MgO] 


Standard 

basalt  BHVO- 

•1 

20th- 

■century 

Kilauea  summit 

1919 

eruption, 

Kilauea  summit 

eruptions 

1 

2 

3 

4 

5 

6 

7 

8 

n-4 

n«5 

n-7 

n-2 

MgO 

6.95 

7.3 

7.31 

7.00 

7.00 

7.00 

7.00 

7.00 

KoO 

.52 

.46 

.54 

.54 

.55 

.55 

.52 

.55 

Rb 

15 

— 

10 

10.1 

14.4 

— 

11.0 

9.1 

Cs 

— 

— 

• .15 

.15 

.19 

-- 

— 

.10 

Sr 

— 

445 

#20 

123 

360 

— 

386 

370 

Ba 

1B5 

150 

135 

136 

146 

114 

136 

128 

Sc 

33 

30 

31 

31.2 

32.1 

30 

32.3 

— 

V 

— 

328 

•320 

3 22 

315 

— 

— 

-- 

Cr 

290 

2 66 

300 

279 

200 

- — 

102 

— 

Co 

46 

44 

45 

43.8 

13.1 

— 

— 

— 

Ni 

— 

110 

120 

101 

56 

— 

— 

— 

Cu 

— 

— 

140 

141 

65 

— 

— 

— 

Mo 

— 

— 

• 1 

1.0 

1.3 

— 

— 

— 

Zn 

— 

— 

105 

105 

130 

— 

— 

— 

Ca 

— 

— 

• 21 

21 .2 

18.6 

— 

22.5 

— 

Zr 

— 

200 

180 

181 

2 02 

-- 

158 

— 

Hf 

— 

4.5 

*.3 

».3 

4.2 

— 

4.5 

— 

Nb 

— 

— 

19 

19.2 

7.9 

-- 

-- 

— 

Ta 

1.1 

1.3 

* 1.1 

1.1 

1.1 

— 

— 

-- 

* 

— 

— 

• 27 

27.2 

18.5 

— 

25 

— 

Th 

— 

1.0 

1 .0 

1.0 

1.5 

— 

1.3 

-- 

U 

— 

.3 

• .4 

.40 

.44 

— 

— 

— 

Pb 

— 

— 

— 

-- 

2.1 

— 

*6 

— 

Sb 

— 

— 

• .17 

.17 

.18 

— 

— 

— 

La 

15.0 

15.0 

• 17 

17.1 

15.4 

16.6 

14.9 

— 

Ce 

37 

39.0 

39 

39.3 

39.9 

39.2 

37.2 

-- 

Nd 

2* 

25.5 

24 

24.2 

24.2 

23.3 

— 

— 

So 

6.2 

6.37 

6.1 

6.15 

5.51 

6.2 

6.12 

— 

Eu 

2.10 

2.05 

2.0 

2.02 

1 .99 

2.13 

1 .99 

— 

Gd 

— 

— 

6.0 

6.05 

8.08 

— 

— 

— 

Tb 

.9 

.91 

• 1.0 

1.01 

.74 

.93 

.95 

— 

Dy 

— 

5.2 

■ 5 

5.0 

5.1 

5.2 

5.6 

— 

Tm 

— 

— 

• .3 

.30 

.55 

-- 

— 

— 

fb 

2.08 

1 .97 

1.9 

1 .92 

1.93 

2.03 

2.04 

— 

Lu 

.30 

.28 

-- 

— 

.24 

.29 

.30 

-- 

1 Frey  0980,  table  1). 

2 Budahn  and  Scrmltt  (1985,  table  1). 

3 Govlndaraju  0 984,  appendix  1;  * denotes  proposed  value  only), 

4 Values  in  (3)  adjusted  to  7.00  weight  percent  MgO. 

5 This  paper  (1959  and  1967-68  eruptions). 

6 Budahn  and  Schsitt  (1985,  table  2;  1924,  1952,  1954,  1961,  1967  eruptions). 

7 Basaltic  Volcanisa  Study  Project  0981,  tables  1.2. 6. 2.  and  1.2. 6. 3;  1921,  1924, 

1954,  1959,  1971,  and  1974  eruptions). 

8 Hoffman  and  others  0 984,  table  2;  I960  eruption). 

aValue  seems  high;  Tatsumoto  (1978)  reports  Isotope-dilution  values  of  1.32- 
2.03  ppm  for  Kilauea  historical  eruptions. 
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Table  24.5.  — Interlabondory  companion  of  anoiysn  of  utmpies  of  Mauna  Loo  lava 

(MgOmd  K>0  reported  in  aright  parent,  «*Ecr  nil  ppm.  R.  Rfcode*{l983X  uvetm*  cl  n mo***;  BSVP.  BjlmJiic  VoIcmmto  Sloth  Protect  ( 1961 );  BS.  Budahi. 
Schmll  < l*W5);  T.  thn  paper;  -.  mu  pvr*  in  pubbtaivon  or  M analyzed  For  tutor  (ompanaun*.  8*  wmr  ktmpir  wu  aaalyrtd,  (or  otben.  daftermt  i ampin  of  thr  umr 


Prehiatorlc  ~~  1859  1 668 


BS 

T BS 

T BS 

T 

R 

BSVP 

T 

R 

BSVP 

T 

(TLW  67-29)  (TLW  67-70B)  (TLW  67* 

•119) 

(n-6) 

(HAW-4) 

(DPH-77) 

(n-8)  (HAW-5 ) 

(18L8ML) 

MgO 

6.3 

6.99  7.« 

6.93  6.6 

6.74 

8.68 

7.25 

7.75 

17.69 

21 .02 

23.64 

tc2o 

.40 

.42  .43  .46  .43 

.46 

.39 

.42 

.43 

.31 

.27 

.26 

Rb 

_ 

16.9  21.7 

- 

- 

- 

6.9 

- 

- 

4.4 

9.2 

Sr 

349 

273  361 

445  383  419 

324 

344 

461 

249 

213 

207 

Ba 

85 

140  91 

92  120 

94 

- 

- 

147 

- 

70 

108 

Sc 

28 

29.4  29 

30.3  29 

29.3 

- 

29.5 

28.7 

- 

21 

20.9 

V 

279 

311  290 

297  291  293 

252 

- 

305 

200 

- 

202 

Cr 

222 

224  237 

248  185  183 

458 

350 

278  1 

,040  t, 

405  1, 

,250 

Co 

40 

41.9  40 

43.0  40 

38.6 

- 

- 

- 

- 

- 

- 

Ni 

105 

88  85 

84  100 

75 

166 

- 

98 

771 

- 

846 

Zn 

- 

133 

111  - 126 

112 

- 

113 

110 

- 

106 

Ga 

- 

19.3 

17.4 

21.3 

- 

20 

15.6 

- 

14 

8.4 

Zr 

95 

179  95 

148  115  141 

129 

129 

181 

101 

88 

142 

Hf 

3.6 

3.3  3.6 

3.6  3.4 

3.0 

- 

3.48 

3.3 

- 

2.38 

2.0 

Nb 

- 

3-0 

6.1 

- 

9.9 

9 

2.2 

7.8 

6 

2.2 

Ta 

.6 

.38  .7 

.35  .7 

.53 

- 

- 

- 

- 

- 

- 

Y 

- 

19.2 

19.6 

17.1 

- 

23 

19.6 

- 

15 

8.5 

Th 

.4 

.57  .4 

.9  .45 

.78 

- 

.56 

.7 

- 

.34 

.9 

U 

.1 

.22  .1 

.23  .1 

.23 

- 

.192 

- 

- 

- 

Pb 

- 

1 .0 

2.4 

2.0 

- 

<1 

2.0 

- 

4 

3.0 

La 

9.8 

9.4  10.9 

10.4  10.6 

10.3 

- 

9.38 

6.8 

- 

6.16 

5.68 

Ce 

26.1 

25.9  28.7 

28.7  26.8 

24.8 

- 

25.0 

25.9 

- 

16.4 

12.5 

Nd 

20 

19.5  21 

18.0  20 

17.0 

- 

- 

- 

- 

- 

- 

S» 

4.88 

4.57  5.41  5.10  5.20 

4.42 

- 

4.80 

4.77 

- 

3.30 

2.67 

Eu 

1 .78 

1.63  1.85  1.83  1.79 

1.52 

- 

1.70 

1.72 

- 

1.10 

.99 

Tb 

.77 

1.42  .80  .72  .79 

1.91 

- 

.81 

.24 

- 

.54 

.38 

Dy 

4.8 

5.0  5.0 

5.2  6.7 

4.6 

- 

- 

- 

- 

- 

- 

Yb 

1.99 

1.92  1.99  1.88  2.00 

2.03 

- 

2.00 

1.75 

- 

- 

- 

Lu 

.23 

.23  .25  .26  .27 

.29 

” 

.29 

.25 

- 

.20 

.15 

1887 

1899 

1907 

1919 

R 

BVSP 

BS  T 

R 

as 

R 

BS 

BS 

T 

(n-12) 

HAW-6 

(TLW  67-59)  (n-5)  (TLW  67-65) 

(n-10) 

(TLW  67-56) 

(TLW  67-1 

n)  H-34 

MgO 

8.16 

8.53 

7.1  7.50  7.28 

7.5 

7.38 

7.3 

7.3 

7.09 

k2o 

.33 

.33 

.30  .33 

.35 

.35 

.36 

.37 

0.36 

0.35 

Rb 

. 

4.9 

- 

- 

- 

- 

- 

6.0 

Sr 

281 

273  294  350  299 

260 

305 

250 

305 

235 

Ba 

- 

75 

65  1 34 

60 

- 

50 

80 

1 16 

Sc 

- 

29.5 

28  30.3 

29 

- 

30 

29 

29.6 

V 

248 

261  335  263 

282 

258 

282 

280 

362 

Cr 

378 

460  265  260  310 

235 

300 

260 

240 

237 

Co 

- 

44  46.2 

43 

- 

43 

42 

42.8 

Ni 

144 

- 

75  83  100 

75 

119 

125 

100 

90 

Zn 

112 

- 

119  117 

- 

111 

- 

- 

- 

Ga 

- 

20 

16.6 

- 

- 

- 

- 

20.7 

Zr 

121 

119  120  74  131 

160 

131 

150 

120 

146 

Mf 

- 

3.34 

2.9  3.0 

3.6 

- 

3.3 

3.6 

3.2 

Nb 

8.7 

6 

3-9  9 

.3 

- 

9.1 

- 

- 

- 

Ta 

- 

- 

.55  .30 

.6 

- 

.5 

.5 

.5 

Y 

- 

23 

21.2 

- 

- 

- 

- 

23.9 

Th 

- 

.50 

.35  -84 

.3 

- 

.4 

.6 

1.0 

U 

- 

- 

< .1  .146 

.1 

- 

.2 

.2 

.286 

Pb 

- 

6 

2.3 

- 

- 

- 

- 

- 

La 

- 

7.68 

8.0  7.8 

8.5 

- 

8.6 

8.8 

B.6 

Ce 

- 

21.0 

2 2.1  21.4 

23.6 

- 

23.5 

23.4 

16.8 

Nd 

- 

- 

17  16.2 

19 

- 

19 

20 

16.0 

SB 

- 

4.40 

4.60  - 

4.87 

- 

4.85 

4.79 

4.20 

Eu 

- 

1 .60 

1.64  1.51 

1.75 

- 

1.75 

1 .70 

1-45 

Tb 

- 

.84 

.74  .67 

.7« 

- 

.79 

.76 

.55 

Dy 

- 

- 

4.6  5.0 

4.0 

- 

4.4 

4.6 

4.34 

Yb 

- 

1.98 

1.92  2.02 

1.99 

- 

2.03 

2.00 

2.00 

Lu 

- 

.29 

.25  .28 

.25 

- 

.28 

.25 

.26 
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TABLE  24.5. — InkrlabanPory  companion  of  analyses  of  samples  of  Mama  Loa  /cap — Continued 


1926 

1935 

1942 

I960 

R 

(n-6) 

BSVP 

HAM-8 

T 

TLW67-67 

R 

(n-6) 

BS 

TLW67- 

R 

67  (n-8) 

as 

TLW67-62 

T 

7LW67-62 
(NE  rift) 

BS 

TLM67-68 

(Sunnit) 

R 

(n-12) 

BSVP 

(HAN-10) 

BS  T T 

(TLW67-73)  (TLM67-79) 

MgO 

7.39 

7.90 

7.82 

6.99 

7.1 

7.10 

8.8 

7.21 

7.1 

8.17 

OF 

7.0  6.87 

9.22 

k2o 

.37 

• 37 

• 35 

.37 

.37 

.37 

.38 

.36 

.32 

.38 

.35 

.41  .37 

.36 

RS 

. 

5. * 

. 

- 

- 

- 

- 

22.9 

- 

- 

5.2 

- 

5.7 

Sr 

312 

302 

374 

316 

260 

313 

330 

483 

350 

306 

294 

285  240 

177 

Ba 

- 

82 

no 

- 

70 

- 

60 

241 

70 

- 

72 

100  143 

5b 

Sc 

- 

30.4 

30.3 

- 

29 

- 

30 

30.9 

29 

- 

29.0 

29.0  31  .0 

28.6 

V 

264 

- 

317 

268 

283 

265 

278 

309 

282 

287 

- 

282  337 

311 

C r 

301 

390 

277 

275 

250 

291 

300 

270 

2b0 

369 

490 

220  202 

395 

Co 

- 

- 

47.1 

- 

42 

- 

93 

45.0 

93 

- 

43  44.9 

49.7 

Ni 

112 

- 

145 

66 

90 

91 

75 

76 

86 

170 

- 

105  82 

131 

Zn 

117 

- 

104 

117 

- 

116 

- 

136 

- 

114 

- 

114 

126 

Ga 

- 

20 

19.0 

- 

- 

- 

- 

20.4 

- 

- 

19 

20.4 

18.2 

Zr 

13* 

123 

185 

133 

120 

132 

200 

169 

- 

132 

121 

150  174 

174 

Hf 

- 

3.45 

3.0 

- 

3-3 

- 

3.6 

3.3 

3.3 

- 

3.43 

3.3  2.8 

2.8 

Nt> 

9.5 

8 

4.5 

9.4 

- 

9.b 

- 

- 

9.6 

8 

5.4 

5.4 

Ta 

- 

- 

- 

- 

.6 

- 

.6 

.27 

.6 

- 

- 

.5  .40 

- 

Y 

- 

23 

21 

- 

- 

- 

16.0 

- 

- 

23 

20.40 

18.8 

Th 

- 

.58 

.59 

- 

.4 

- 

.3 

1 .0 

.4 

' - 

.55 

.4  .60 

.70 

U 

- 

- 

- 

- 

.1 

- 

.2 

.160 

.2 

- 

- 

.2  .177 

.194 

Pb 

- 

3 

3.1 

- 

- 

- 

- 

- 

- 

- 

5 

3.1 

2.8 

La 

- 

8.81 

8.8 

- 

8.8 

- 

8.8 

8.86 

8.8 

- 

8.52 

8.9  9.00 

7.5 

ce 

- 

23.3 

23-4 

- 

24.5 

- 

24.6 

22.9 

23.2 

- 

22.5 

23.8  23.3 

18.8 

Md 

- 

- 

- 

- 

17 

- 

19 

16.3 

19 

- 

- 

19  16.8 

16.2 

Sm 

- 

4.97 

4.44 

- 

4.85 

- 

4.86 

4.53 

4.88 

- 

4.85 

5.00  4.36 

3.97 

Eu 

- 

1 .61 

1 .61 

- 

1.71 

- 

1.73 

1.57 

1.68 

- 

1.55 

1.75  1.67 

1.26 

Tb 

- 

.80 

- 

- 

.71 

- 

.74 

.90 

.75 

- 

.B6 

.75  .56 

.58 

Oy 

- 

- 

- 

- 

4.3 

- 

5.4 

5.15 

4.4 

- 

4.6  5.9 

4.7 

Yt> 

- 

2.07 

1.86 

- 

1.83 

- 

1.96 

1 .09 

1.97 

- 

2.00 

2.08  2.01 

1.94 

Lu 

- 

.30 

.28 

- 

.27 

- 

.27 

.25 

.28 

- 

.29 

.31  .29 

.24 

[MjO  «ad  KjO  reported 

TABLE  24.6-  — Inkrloboniory  companion  of  selected  elements  art  analyses  of  Luo  samples  from  Kilauea  lip  and  Kapoho 

m -otfht  percent.  odirr  viWi  all  ppm.  Gmm  (1971,  table  1 1 average  tj  n aampir*.  B VSP.  BauAic  Vokumm  Study  Protect  ( 1981 );  T,  tin*  paper,  -.not  pwn  or  not 

analyzed  1 

MM 1 

mhh 

MM 

U3MMI 

■M 

mmhm 

■mb 

Kapoho 

lk 1-22,  11/18/59 

lkl-42.  11/16/59 

Iki-5.  11/21/59 

Iki-12,  L 

2/4/59 

KP-25.  2/13/60 

G 

BSVP 

T 

G 

T 

G 

T 

G 

T 

BSVP 

T 

(KI0022) 

(HAW-23) 

CS-5) 

UCI0053) 

(S-3) 

(KI0051 ) 

(S-8) 

(K10016) 

(S-19) 

(HAW-26) 

CF-17 ) 

(n-2) 

(n-2) 

(n-3) 

MgO 

19.30 

18.90 

19.55 

8.21 

8.85 

9.59 

10.45 

8.68 

8.55 

13.62 

13.16 

k2o 

.38 

.38 

.38 

.54 

.50 

.51 

.59 

.55 

.53 

.99 

.99 

Sr 

246 

270 

290 

340 

394 

330 

262 

357 

253 

310 

404 

8a 

130 

115 

75 

175 

126 

169 

198 

178 

174 

135 

230 

Sc 

— 

25.0 

24.4 

-- 

31  .2 

— 

28.1 

— 

29.5 

27.1 

27.3 

Cr 

1,150 

1,550 

1,170 

373 

407 

997 

369 

386 

256 

710 

440 

Co 

95.4 

-- 

85.1 

56.7 

50.8 

61.4 

56.6 

59.6 

99.8 

— 

65.5 

Ni 

812 

— 

542 

126 

168 

211 

170 

190 

149 

-- 

269 

Zn 

99 

— 

116 

102 

123 

100 

127 

105 

120 

— 

— 

Ga 

11.8 

— 

9.3 

17.4 

16.9 

16.2 

14.6 

18.9 

19.6 

— 

15.6 

Zr 

— 

ne 

145 

— 

— 

— 

— 

— 

— 

159 

158 

Hf 

— 

3.15 

3.0 

— 

— 

— 

— 

— 

— 

4.62 

3-8 

Y 

17.4 

17 

10.1 

24.5 

15.6 

23.2 

13.9 

29.3 

18.0 

23 

13.5 

La 

— 

11.5 

11.1 

— 

15.0 

-- 

15.1 

— 

14.7 

14.9 

15.2 

Ce 

— 

27.6 

24.1 

— 

31.8 

41.5 

— 

42.0 

36 

35.8 

Sm 

— 

4.50 

3.78 

— 

5.10 

— 

5.11 

5.23 

5.80 

— 

£u 

— 

1.39 

1 .38 

— 

2.01 

-- 

1.88 

— 

1.83 

1 .92 

— 

Yt> 

— 

1 .40 

1.36 

— 

1.69 

— 

1.83 

— 

2.07 

1.95 

2.05 

Lu 

.21 

.17 

— 

.22 

— 

.35 

.21 

.28 

.31 
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FlCURE  24.2.  — I i»Ict  laboratory  companion*  of  MgO- adjusted  average  chondrite  normalized  REE  abundances.  Pallemi  fot  data  from  dm  paper  in  this  and  subsequent 
figures  reflect  the  systematic,  slightly  lower  determination  of  Sm  abundance  in  our  INAA  procedure  relative  to  reported  values  for  Hawaiian  tholeute  (see  table  24.41  A. 
Kilauea  samples.  Prehistoric  lava:  PREHIS1,  Budahn  and  Schmitt  (1965);  PREHIS2,  this  paper.  Historical  lava:  HISTORI,  Budahn  and  Schmitt  (1965); 
HISTOR2.  Leeman  Hid  others  (I960);  H1STOR3,  this  paper.  B,  Maura  Loa  samples.  Prehostooc  lava:  MLAVG3,  Budahn  and  Schmitt,  1985;  MLAVG5,  this 
paper.  Prehislonc  and  historical  combined:  MLAVG2,  Leeman  and  others,  I960.  Historical  lava:  MLAVGl , Basaltic  Votcamun  Study  Piroject.  1961 ; MLAVG4, 
Budahn  and  Schnuft,  1965;  MLAVG6,  this  paper. 


spectrographic  determinations  (V,  Ni,  Mo,  Zn,  Ga,  Y,  and  Pb.) 
In  any  case,  systematic  relative  differences  in  the  variations  of  some 
of  these  elements  clearly  reflect  olivine  control  and  suggest  that  their 
more  precise  determination  by  quantitative  methods  might  prove  to 
be  important  in  subsequent  studies. 

Uranium  concentrations  we  report  were  determined  by  a 
modification  of  a fission-track  spark-counting  technique  (FTSC)  first 
published  by  Cross  and  Tommasino  (1970).  Because  this  particular 
FTSC  procedure  has  not  been  described  previously,  it  is  outlined  in 
detail  here.  The  method  involves  the  etching  of  fission  tracks 
recorded  in  a thin  plastic  detector  until  they  become  holes,  which  are 
then  counted  rapidly  by  sparking  across  them.  A thin  aluminum  film 
is  used  as  one  of  the  electrodes  and  is  destroyed  behind  each  hole  as 
the  spark  passes  through,  thus  preventing  multiple  sparking  through 
the  same  hole. 

The  specific  FTSC  procedure  used  in  this  study  was  adapted 
from  that  of  Bertine  and  others  (I970)i  Pellets  of  0.25-inch 
diameter  are  prepared  from  cellulose  powder  (ion-exchange  grade) 
in  a pellet  press.  About  50  mg  of  sample  powder  is  then  pressed 
onto  the  top  of  the  pellet  at  34.5  MPk  (5,000  psi);  duplicate  pellets 
are  prepared  for  each  sample.  Standards  are  prepared  from  Dow  ex 
I X 8 anion  exchange  resin  that  has  been  loaded  with  uranium  from  a 
7.'V  HNO,  solution  and  calibrated  against  USGS  standard  basalt 
BCR- 1 using  the  delayed  neutron  counting  technique  (Millard  and 


I Keaten,  1982).  Double-sided  adhesive  tape  is  affixed  to  the  top  of  a 
cellulose  pellet  and  the  resin  sprinkled  on  top,  creating  a monolayer 
of  resin  beads.  Pieces  of  2.5  X 7.6  cm  (I  X 3 in)  of  Lex  an  foil 
(Kimfoil,  10  pun  thick)  are  pressed  against  the  top  of  each  standard 
and  sample  pellet,  and  this  assembly  is  irradiated  with  a neutron 
dose  of  1 X I0M  n/cm2.  This  dose  yields  about  500  holes/ppra  U 
and  keeps  the  density  of  the  holes  below  the  upper  limit  for  counting 
of  3,000  holes/ cm2.  Following  irradiation,  the  foils  are  etched  for 
30  minutes  at  70  °C  with  7 N NaOH  to  produce  holes  of  2pm  to 
3 pm  diameter  and  then  placed  in  the  spark -counting  apparatus. 

The  counting  apparatus  consists  of  a brass  upper  electrode  I 
cm  in  diameter,  an  aluminum-coaled  Mylar  lower  electrode,  a high 
voltage  supply,  an  amplifier,  and  a scaler.  The  electrical  circuit 
contains  appropriate  capacitors  and  resistors  to  shape  the  pulses 
from  the  sparks  and  to  provide  tune  for  recovery  afteT  each  spark.  A 
presparking  is  performed  at  800  V to  enlarge  the  holes  to  8 pm 
diameter,  and  then  the  foil  is  moved  and  the  actual  counting 
performed  at  500  V.  The  counting  is  completed  in  less  than  a nunute 
and  can  be  repeated  by  simply  moving  to  a new  place  on  the  Mylar. 
Hie  accuracy  and  precision  of  the  technique  are  shown  in  table  24.7 
and  discussed  below. 

The  results  obtained  by  the  FTSC  method  proved  to  be 
considerably  better  than  our  INAA  determinations  for  uranium. 
The  accuracy  and  precision  of  the  technique  are  good  (table  24.7); 
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Tab  LX  24.7. — Accuracy  and  p ttciuon  of  fiuion-track  iparfc  counting  detcrmrncMion  of  uranium  in  rcplicata  of  USCS  Uandard  rock*  and 

the  H trudge  Formation  bcnati 


Uranium  content  by  f last on- track  spark  counting 

Published 

values  (ppm) 

Sample 

Replicate 

analyses 

(ppm) 

Mean 

(ppm) 

Coefficient 
of  variation 
(percent  of  mean) 

Gladney  and 
others  (1983) 

Abbey 

(1983) 

Others 

PCC-1 

0.0038 
. 005*1 
.0030 
.0019 
.0035 

0.0035 

37 

0 .0045±Q .0007 

DTS-1 

.0053 

.0043 

.0043 

.0023 

.0042 

.0041 

27 

.00 36 ±0.0005 

BKVO- 1 

.45 

.46 

.50 

.53 

.49 

8 

’.‘I210.0& 

Basalt  .93 

of  .95 

Hinsdale  .76 
Formation  .69 

.83 

16 

'.88 

BCR-1 

1.66 

1.76 

1.76 

1.68 

1.72 

3 

1 .72±0.6 

1.71 

1.7 

GSP-1 

2.42 

2.45 

2.20 

2.34 

?.3S 

5 

2.2±0. 3 

2.1 

'Gladney  ana  Goode  (t98l). 

’Isotope-dilution  mass  spectrometry  (Doe  and  others,  1969). 
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the  relative  precision  at  the  average  level  of  concentration  in  the 
samples  analyzed  (about  0.2  ppm)  should  be  about  10  percent  or 
better.  The  mean  relative  difference  between  duplicate  determina- 
tions of  uranium  in  basalt  samples  of  this  study  is  6.4  percent. 

Conservative  estimates  of  the  analytical  uncertainties  for  the 
concentrations  of  the  elements  analyzed  in  this  study  are  given  in 
table  24.8.  The  analytical  data  for  the  lava  suites  studied  are  given 
in  tables  24.9-24. 12  and  24. 15-24. 19  and  plotted  in  magnesia- 
variation  diagrams  (figs.  24.4,  24.5,  24. 1 OX  Unless  noted  other- 
wise, all  major-element  data  (water-free  basis)  for  Kilauea  and 
Mauna  Loa  lava  appearing  in  tables  and  plots  in  this  paper  are  from 
Wright  (1971)  or  Wright  and  Fiske  (1 97 IX  who  also  summarize 
other  pertinent  information  on  the  samples  studied.  Our  data  set 
covers  Kilauea  eruptions  through  the  1967-68  activity  at 
Halemaumau,  and  Mauna  Loa  eruptions  through  the  1950  eruption 
on  its  southwest  rift  zone. 

Table  24.8. — Estimded  uncertainties  of  the  trace- dement  determinations  far 
Havanan  bauit  temples 

[Ao*lytk«l  mrthodi;  IN AA.  mtnmmul  fwvtrc*>-*ctiv*t>o«i  ***H-wt;  L5,  mnuan  tfwctra^* 
|*>.  FT5C.  tman-lradi  nurd  > uuning.  UiKtrUnlin  tar  INAA  >«Wi  b«*«J  an  cauntag 
ntttaSk*  only-  n.d..  not  determined  | 


Element 

Uncertainty  (percent  of  determined  value) 

Range 

Mean 

Analytical 

method 

Rb 

10-30 

22 

) 

Cs 

10-30 

20 

( INAA 

Sr 

10-30 

15 

Ba 

10-30 

16 

) 

Sc 

1-5 

3 

INAA 

V 

10-15? 

ES 

Cr 

10-25 

15 

INAA 

Co 

1-3 

_ 2 

INAA 

NI 

Cu 

Mo 

> 10-15 

ES 

Zn 

Ga 

J 

Zr 

1-10 

3 

INAA 

Hf 

1-10 

3 

INAA 

Nb 

10-15? 

ES 

Ta 

1-15 

6 

INAA 

Y 

10-15? 

ES 

Th 

5-30 

9 

INAA 

U 

<10 

FTSC 

Pb 

10-15? 

ES 

Sb 

10-50 

28 

INAA 

La 

1-5 

3 ' 

Ce 

1-10 

*1 

) 

Nd 

1-15 

7 1 

f 

Sa 

1-5 

2 

Eu 

1-15 

« 

Gd 

5-20 

11 

\ INAA 

Tb 

n.d. 

n.d.  j 

f 

Dy 

1-10 

3 

Tm 

n.d. 

n.d.  1 

Yb 

1-10 

4 

Lu 

1-10 

5 ^ 

) 

KILAUEA  LAVA 

Trace-element  determinations  for  Kilauea  lava  samples  are 
given  in  tables  24.9—24. 12.  Most  elements  listed  are  conservatively 
judged  to  be  of  good  accuracy  and  precision,  but  a few  determina- 
tions of  adequate  accuracy  but  poorer  precision  (for  example,  Cs 
and  Ba)  are  also  included. 

To  facilitate  the  comparison  of  differences  between  various 
olivine-controlled  lava  suites,  we  utilize  average  compositions  com- 
puted after  the  individual  analyses  are  adjusted  to  7.00  weight 
percent  MgO  (see  appendix  24.1)  to  eliminate  the  elemental 
differences  stemming  from  variation  in  olivine  content  only  (fig. 
24. 3 X In  the  computation  of  these  average  MgO-adjustcd  composi- 
tions, we  omit  all  differentiated  samples  (<6.8  weight  percent 
MgOX  even  though  Wight  (1971)  and  Wright  and  Fiske  (1971) 
included  a few  whose  compositions  fall  within  the  range  of  summit 
(that  is,  olivine-controlled)  lava. 

The  relatively  large  scatter  in  data  points  in  some  of  the  MgO- 
variation  diagrams  reflects  both  analytical  uncertainty  and  composi- 
tional differences  not  accounted  for  by  olivine  control  alone.  As  will 
be  seen,  these  compositional  differences  appear  to  vary  with  space 
and,  especially,  time.  One  of  the  best  examples  of  olivine-controlled 
lava  is  afforded  by  the  tholeiite  erupted  during  the 
November- December  1959  eruption  of  Kilauea  Iki,  which, 
however,  is  not  typical  of  Kilauea  summit  eruptions  (see  Wright, 
1973X  Data  for  the  Kilauea  Iki  lava  will  be  treated  separately  and 
contrasted  with  those  of  the  differentiated  and  hybrid  lavas  of  the 
January -February  I960  eruption  (fig.  24.5;  table  24. 12X 

VARIATION  IN  SPACE 

Within  analytical  uncertainty,  the  M gO-adjusted  mean  trace- 
element  compositions  of  the  olivine-controlled  lava  of  Kilaueas 
summit  (SUM)  and  its  southwest  rift  zone  (SWRZ)  arc  similar 
(table  24. 1 3X  consistent  with  earlier  observations  based  on  ma)or- 
element  data  (Wight,  197 IX  The  apparent  low  adjusted  means  for 
Ni  and  Cr  for  lava  of  Kilaueas  east  rift  zone  (ERZX  relative  to 
those  of  the  SUM  and  SWRZ  (table  24. 1 3X  are  inconsistent  with 
the  raw  data  (fig.  24.4)  and  reflect  the  unsatisfactory  MgO 
adjustment  for  these  two  elements  discussed  in  appendix  24.1. 
However,  if  Ni  and  Cr  are  not  considered,  the  mean  composition  of 
the  ERZ  lava  is  characterized  by  generally  higher  abundances  of 
olivine-incompatible  dements  rdative  to  those  of  summit  lava. 
Differences  between  many  of  the  means  are  small  and,  strictly 
speaking,  not  statistically  significant,  but  we  are  impressed  by  their 
nonrandom  nature  (fig.  24. 6X 

Because  these  non-andom,  subtle  differences  are  within  ana- 
lytical uncertainty,  it  is  appropriate  to  ask  whether  they  might  have 
been  introduced  by  nonrandom  grouping  of  samples  preparatory  to 
i the  five  separate  irradiations  required  to  analyze  the  75  samples. 
However,  in  almost  all  cases,  samples  belonging  to  each  lava 
grouping — whether  according  to  space  (vent  location)  or  to  time 
(prehistoric,  18th- 19th  centuries,  20th  century) — were  spread 
over  two  or  more  irradiations,  and  only  rarely  did  one  irradiation 
| contain  appreciably  more  than  half  of  the  samples  from  one  category 
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Table  24.9. — Lompoution  of  ofhxne-contolkif  Uwlciite  of  Kitaoea'i  tunwml. 

(Oxxif  v*kuri  (a  wngfel  pcmni)  frtm  Wirflt  (1971.  ubk  41  tnm  Hi  100  pmnrt  dry  vtlun  (car  «iemai*>  m p*rt*  pw  million] 


Sample 

Prehistoric 

Historical 

Hllina  Basalt 

Puna  Basalt 

18th- 19th 
centuries 
1790  1866(7) 

57F-15 

57F-17 

57F-97 

8X078-0 

8X067-0 

8X002-0 

faKS 

1967-68 

1967HM 

eruption 

HM68-15 

sio2 

98.53 

49.43 

50.79 

98.07 

49.19 

51.17 

50.64 

50.05 

50.04 

50.06 

50.40 

50.30 

MgO 

15.17 

10.97 

8.14 

17.06 

13.26 

6.95 

6.31 

6.61 

8.10 

7.23 

7.61 

7.64 

k2o 

.33 

.38 

.38 

.31 

.30 

.46 

.45 

.50 

.55 

.60 

.54 

.55 

TiO-, 

1.91 

2.21 

2.51 

1.98 

2.00 

2.44 

2.64 

2.70 

2.63 

2.75 

2.66 

2.62 

P2°5 

.16 

.22 

.24 

.18 

.17 

.24 

.25 

.26 

.25 

.28 

.26 

.26 

Cs 

.15 

.00 

.16 

.19 

.30 

.03 

.12 

.76 

.21 

.22 

.00 

.14 

Ba 

161 .00 

77.00 

72.00 

79.00 

129.00 

4 3.00 

65.00 

150.00 

158.00 

164.00 

1 59 .00 

94.00 

Sc 

26.80 

29.90 

29.40 

25.40 

28.50 

29.10 

28.90 

31  .20 

31 .60 

30.40 

32.60 

31.60 

V 

.00 

254.00 

.00 

205.00 

278.00 

287 .00 

282.00 

308.00 

296.00 

300.00 

318.00 

327.00 

Cr 

707.00 

985.00 

299.00 

889.00 

819.00 

357 .00 

291.00 

195.00 

251-00 

148.00 

295.00 

283.00 

Co 

75.20 

61  .40 

45.60 

79.70 

65.70 

41  .80 

47.90 

43.40 

45.00 

44.70 

46.70 

96.70 

N1 

.00 

131 .00 

.00 

490.00 

278.00 

90.00 

121.00 

72.00 

104.00 

80.00 

89.00 

106.00 

Mo 

.00 

4.00 

.00 

4.20 

6.00 

4.50 

3.30 

3.90 

4.90 

4.10 

3. 60 

4.10 

Zn 

.00 

124.00 

.00 

131 .00 

122.00 

125.00 

129.00 

133.00 

143.00 

137.00 

107.00 

128.00 

Ga 

.00 

13.10 

.00 

10.60 

13.80 

17.40 

18.80 

17.60 

16.00 

18.20 

19.10 

19.90 

Hf 

2.90 

3.40 

3.40 

3.10 

3.10 

3.20 

3.50 

4.20 

3.70 

4.20 

4.30 

4.20 

Y 

.00 

15.40 

.00 

11.50 

14.10 

17.00 

17.70 

19.70 

16.40 

19.10 

17.80 

19.50 

U 

.41 

.71 

.52 

.21 

.33 

.17 

.34 

.47 

.48 

.51 

.37 

.35 

Pb 

.00 

1.20 

.00 

1.70 

1.60 

2.00 

2.10 

1 .60 

1 .10 

1 .40 

2.50 

3.50 

La 

9.60 

9.90 

10.60 

9.00 

8.90 

8.40 

11.40 

13.20 

14.70 

16.10 

15.20 

14.60 

Ce 

26.70 

26.90 

30.30 

21.60 

21.40 

18.50 

29.20 

38.20 

44.00 

42.10 

34.90 

35.70 

Nd 

18.00 

17.60 

17.50 

14.50 

15.20 

16.00 

21.50 

22.70 

24.50 

25.60 

21 .60 

23.30 

Sts 

3.86 

9.35 

9.28 

4.04 

3-98 

4.10 

5.25 

5.50 

4.71 

5.65 

5.73 

5.60 

Eu 

1 .41 

1.66 

1.79 

1.63 

1.54 

1.68 

1.71 

2.00 

1.88 

1 .94 

2.05 

1.99 

Dy 

.00 

3-60 

6.00 

4.60 

3.90 

4.30 

.00 

5.40 

4.50 

5.30 

4.00 

6.20 

Yb 

1.55 

1.92 

1.98 

1.77 

1.82 

1.93 

2.0  2 

1.86 

1.89 

1.97 

1.66 

2.08 

Lu 

.3“ 

.21 

.29 

.23 

.20 

.27 

.27 

.26 

.t9 

.26 

.28 

.25 

(table  24.2}  Therefore,  we  believe  that  the  observed  minor  but 
systematic  differences  (table  24.13;  fig  24.6)  cannot  be  ascribed  to 
nonrandom  sample  groupings  during  irradiations.  Such  small  intra- 
volcano  systematic  differences  between  eruption  loci  on  the  volcano 
have  not  been  observed  or  considered  in  previous  studies  (for 
example,  Leeman  and  others,  1980;  Budahn  and  Schmitt,  1985} 
which  were  based  on  more  limited  sampling  and  emphasized  the 
larger  intervolcano  variations  between  Kilauea  and  Maun  a Loa. 

The  relatively  higher  content  of  olivine- incompatible  elements 
in  the  ERZ  lava  is  even  better  illustrated  by  reference  to  the 
SWRZ  samples  (fig.  24.6)  and  by  REE  patterns  (fig.  24. 7 AX 
The  sole  exception  is  the  ratio  for  uranium,  which  is  less  than  unity, 
offset  from  the  range  of  other  ratios,  and  yet  varies  sympathetically 
with  them.  The  apparent  departure  in  the  behavior  of  uranium 
relative  to  other  olivine- incompatible  elements  is  not  understood. 
Analytical  bias  probably  is  not  the  explanation,  because  the  uranium 
appears  to  be  as  accurately  determined  as  the  other  elements  (see 
tables  24.3,  24.4,  24.7}  The  explanation  may  be  related  in  part  to 
unrepresentative  sampling  of  ERZ  lava,  thus  resulting  in  a biased 
mean.  The  mean  computed  for  the  ERZ  is  based  only  on  data  for 
older  (prehistoric  and  1 8th- 1 9th  centimes)  lavas,  which  arc  low  in 
uranium  compared  to  20th  century  lava  (tables  24.10;  fig,  24.4). 


Major-element  studies  have  shown  that  differentiated  lava  is 
more  prevalent  in  the  ERZ  than  elsewhere  at  Kilauea  (Wight, 
1971;  Wright  and  Fiske,  1971;  Moore,  1983}  Our  trace-element 
data  also  indicate  that  the  olivine-controlled  lava  of  the  ERZ  is  more 
fractionated,  as  compared  to  the  olivine-controlled  lava  of  the  SUM 
and.  especially,  the  SWRZ.  Even  though  eruptions  in  the  ERZ 
and  the  SWRZ  are  fed  from  a common  shallow  (2-6  km  deep) 
reservoir  beneath  Kilauea  summit,  these  two  rift  zones  intrinsically 
differ  in  topographic  expression,  structural  setting,  and  eruption 
frequency  during  'be  past  2,000  years  (see,  for  example,  Swanson 
and  others,  1976b;  Holcomb,  1980,  1981;  Duffveld  and  others, 
1982;  Moore,  1983}  The  volume  of  magma  intruded  into  and 
erupted  in  the  ERZ  is  estimated  to  be  more  than  two  orders  of 
magnitude  greater  than  that  of  the  SWRZ.  Moreover,  geophysical 
studies  have  demonstrated  the  existence  of  several  secondary  magma 
reservoirs  in  the  ERZ  (see,  for  example.  Jackson  and  others,  1975; 
Swanson  and  others,  1976a;  Zablocki  and  Koyanagi,  1979; 
Moore,  1983}  Thus,  the  more  differentiated  and  hybridized  com- 
positions of  the  ERZ  lava  may  simply  reflect  greater  opportunity  for 
magma  fractionation  and  mixing  because  of  the  following:  ( I ) More 
voluminous  and  frequent  transfers  of  magma  from  the  summit 
reservoir  into  the  ERZ  relative  to  the  SWRZ;  (2)  longer  uninter- 
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Table  24. 10.  — Competition  of  a Jivina  controlled  (holenle  of  Kilauea  i uui  rift  zone 

[OsmIt  »«lur»  (in  WT-Ight  ptcrrnM)  from  Wirfrt  (1971.  table  6)  for  prchcslonc  lampln.  and  from  VX-Viijhl  and  Fak*  (1971,  table  4)  for  kaMortcal 
•ampin,  rrxaa*  to  100  percent  dry  weight;  vainer  for  element*  in  parts  per  mil  bo*  Samples  TLW67-I30  and  TI.W6&-6  ht  definition  at 
differentiated  (less  than  6. SO  weight  percent  MgOl  and  are  omitted  in  calculation  of  iwripi  and  not  plotted  in  bgwr  24  4] 


Sample 

PreP 

liaioric 

■L 

Historical 

TLW67130 

TLW67131 

TLW67132 

HP-57 

1790? 

H-23 

i8tl»-19tJ) 

TW6S-5 

centuries 

1840 

TLH68-6 

TLK68-12 

sio2 

50.72 

49.45 

50.37 

50.12 

50.96 

50.62 

51  .21 

68 .08 

MgO 

6.13 

10.05 

8.08 

8.73 

7.16 

9.35 

6.03 

17.54 

K.,0 

.51 

.52 

.45 

.41 

.44 

.40 

.55 

.33 

tio2 

2.92 

2.67 

2.53 

2.53 

2.71 

2.32 

3.06 

1.92 

p205 

.28 

.25 

.23 

.24 

.25 

.25 

.30 

.18 

Cs 

.26 

.28 

.14 

.11 

.19 

.17 

.12 

.16 

Ba 

137.00 

140.00 

157.00 

163.00 

189.00 

130.00 

165.00 

110.00 

Sc 

30.20 

29.60 

31  .80 

27.90 

32.50 

31.50 

32.30 

25.40 

V 

349.00 

337.00 

308.00 

377.00 

373.00 

304.00 

400.00 

244.00 

Cr 

83.00 

419.00 

335.00 

281 .00 

179.00 

405.00 

47.00 

812.00 

Co 

43.30 

55.00 

50.40 

47.40 

48.80 

55.60 

49.00 

82.70 

Ni 

57.00 

196.00 

112.00 

146.00 

99.00 

167.00 

62.00 

512.00 

Mo 

4.80 

4.20 

4.20 

4.40 

5.60 

4,60 

5.50 

3.80 

Zn 

158.00 

145.00 

128.00 

141.00 

135.00 

145.00 

161 .00 

124.00 

Ga 

22.30 

21  .40 

20.30 

25.40 

22.50 

21.20 

24.10 

•15.00 

Hf 

3.80 

3-90 

3.60 

3.60 

4.40 

3.90 

5.30 

3.20 

Y 

23- “0 

22.50 

21 .80 

21 .10 

24.60 

18.00 

25.20 

13.90 

U 

■ 30 

.37 

.3*1 

.36 

.39 

.21 

.35 

.19 

PD 

*.80 

2.50 

2.70 

4.10 

2.90 

2.10 

4.40 

2.60 

La 

13.80 

13.60 

11.90 

11.20 

12.10 

11.20 

15.70 

9.20 

Ce 

35.60 

33.20 

30.40 

31.50 

36.30 

30.60 

42.30 

24.30 

Nd 

24.60 

24.00 

22.80 

21  .20 

24.80 

22.20 

32.70 

17.20 

Sm 

6.02 

5.52 

4.91 

4.56 

5.58 

5.02 

6.73 

3-85 

Eu 

1.96 

1 .88 

1.88 

1.45 

2.04 

1.92 

2.«3 

1.47 

t>y 

6.40 

6.60 

5.80 

5.70 

7.60 

5.70 

7.20 

.00 

YD 

2.19 

2.03 

1.94 

2.21 

2.15 

2.14 

2.79 

1.57 

Lu 

• 3< 

.24 

.29 

.21 

.28 

.30 

.32 

.19 

rupted  storage  of  summit  magma  in  isolated  secondary  reservoirs  or 
pockets,  thereby  allowing  greater  cooling  and  fractionation  before 
eruption  to  yield  more  differentiated  lava;  and  (3)  increased  inci- 
dence of  magma  mixing  to  produce  hybrid  lava  by  repeated  filling  of 
the  secondary  reservoirs  by  new  magma,  either  from  storage  pockets 
uprift  or  from  the  summit  reservoir. 


VARIATION  IN  TIME 

Wright  (1971 ) showed  that  for  olivine-controlled  Kilauea  lava, 
at  any  given  MgO  content,  three  time  groupings  (prehistoric, 
18th- 1 9th  centuries,  and  20th  century)  could  be  distinguished  on 
the  basis  of  major-element  composition.  Younger  lava  is  charac- 
terized by  higher  K20,  Ti02,  and  P2Os  and  by  several  other 
chemical  distinctions.  One  of  the  principal  objectives  of  our  study 
was  to  try  to  further  document  such  secular  variation  using  trace 
elements.  Leeman  and  others  (1980,  p.  802),  citing  unpublished, 
limited  data  for  prehistoric  Kilauea  lava,  tentatively  concluded  that 
there  is  M|ittle  or  no  difference  in  trace  element  contents  with  time  at 
Kilauea,  but  additional  analyses  are  required  to  confirm  this  con- 
clusion." More  recently  however,  Budahn  and  Schmitt  (1985,  table 
2}  referring  to  the  same  unpublished  data  as  did  Leeman  and  others 
(1980),  presented  the  ranges  and  means  of  selected  trace  dements 


(REE,  Sr,  Ba,  and  Sc)  for  7 Kilauea  lava  samples  (20th  century, 
5;  prehistoric,  2)l 

Budahn  and  Schmitt  (1985,  p.  71)  noted  that  with  respect  to 
lighl-rare-earth-elemenl  (LREE)  abundance  patterns  the  20th- 
century  and  prehistoric  lavas  were  "compositionally  distinct."  Our 
more  extensive  data  (tables  24.9-24. 1 1 and  fig.  24.4)  confirm  their 
finding  and  suggest  that  the  mean  contents  of  Sc,  Co,  Hf.  and  the 
LREE  of  lava  from  the  18th— 19th  centuries  are  intermediate 
between  those  for  prehistoric  and  20th  century  lavas  (table  24. 13; 
figs.  24.  IB,  24.8}  This  relation  is  similar  to  progressive  changes  of 
some  major  elements  (for  example,  K20  and  Ti02)  for  these  three 
time  groupings  (Wright.  1971} 

Some  historical  summit  eruptions  of  Kilauea  have  chemically 
distinct  major-element  compositions  (Wright,  1971,  fig.  12}  sup- 
porting the  concept  of  so-called  magma  batches,  originally  suggested 
by  Powers  (1955}  We  are  aware  that,  in  treating  our  trace  element 
data  in  terms  of  means,  we  overlook  the  differences  between  such 
chemically  distinct  eruptions  (magma  batches)  within  the  broader 
space  or  time  grouping;  this  problem  is  particularly  serious  in  dealing 
with  the  samples  of  prehistoric  lava,  for  which  time  relations  are 
poorly  known.  For  example,  recent  work  by  Easton  and  Garcia 
(1980)  on  the  Hilina  Basalt,  the  oldest  exposed  rocks  of  Kilauea 
Volcano  (25  ka  and  older}  indicates  considerable  chemical  varia- 
tion. Similarly,  the  study  of  Casadevall  and  Dzurism  (chapter  1 3} 
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TABLE  24. 1 1 , — Compoirtiwt  of  olkme-contoOed  thoieirte  of  Kilaueat  iouitmout  rift  zone 

(Oxide  value*  (in  wngbt  pwccnl)  from  VtVqjfo  (1971.  UbW  H ««***  to  100  permit  dry  weight;  »«for»  for  eirmmtf  in  p*rti  per  nullioo  Simple  TLW67- 12  6u  definition  of  drfferesituted  and  u 

ooNtted  m calodatton  at  iwripi  and  not  plotted  in  figure  24  4] 


Prehistoric Historical 


19th  century 20th  century 

1&23  1868  1920 


Sample 

TLW67190 

TLW67-13* 

KD-32 

KD-32 

KD-56 

TLW67-28 

TLW67-24 

1868-SW 

TLW47-12 

TLW67-4 

TLK67-6 

SiC^ 

50.23 

51  .17 

46.59 

49.07 

51.13 

50.16 

51 .01 

50.62 

51  .40 

49.75 

50.26 

MgO 

10.03 

6.01 

21.98 

13.30 

7.32 

9.12 

7.29 

8.61 

6.79 

9.21 

7.49 

k20 

.40 

.47 

.28 

.36 

.40 

-36 

.93 

.45 

.50 

.99 

.51 

TiO, 

2.34 

2.48 

1.52 

1 .98 

2.4  2 

2.22 

2.93 

2.39 

2.80 

2.55 

2.0b 

p2o5 

.21 

.25 

.15 

.19 

.23 

.20 

.22 

.27 

.24 

.23 

.25 

Cs 

.03 

.24 

.00 

.20 

.00 

.27 

.14 

.00 

.18 

.25 

.01 

Ba 

152.00 

126.00 

429.00 

76.00 

152.00 

61  .00 

53.00 

103.00 

168.00 

71  .00 

202.00 

Sc 

26.90 

31.30 

21.00 

22.00 

30.40 

29.50 

31.50 

31.20 

29.40 

30.30 

33.60 

V 

277.00 

261.00 

166.00 

185.00 

289.00 

245.00 

326.00 

329.00 

316.00 

279.00 

337.00 

Cr 

541 .00 

309.00 

847.00 

667.00 

244.00 

341 .00 

307.00 

438.00 

186.00 

571.00 

575.00 

Co 

50.10 

40.50 

88.40 

69.80 

42.90 

51.70 

45.30 

47.90 

39.50 

51 .10 

50.60 

Ni 

191 .00 

97.00 

787.00 

510.00 

91.00 

186.00 

111.00 

182.00 

106.00 

178.00 

150.00 

MO 

3.40 

3.50 

4.10 

3.30 

3.80 

3.80 

4.20 

4.20 

4.50 

4.50 

4.80 

Zn 

123.00 

157.00 

110.00 

110.00 

128.00 

134.00 

119.00 

108.00 

131.00 

146.00 

140.00 

Ca 

20.60 

17.40 

9.80 

14.10 

22.00 

17.20 

20.50 

20.90 

24.40 

19.10 

24.90 

Hf 

2.70 

3.70 

2.20 

2.70 

3.90 

3.20 

3.80 

3.90 

4.00 

4.20 

4.50 

Y 

16.60 

17.60 

8.40 

10.60 

18.80 

15.80 

19.50 

22.50 

20.60 

14.50 

18.90 

U 

.19 

.27 

.19 

.21 

.26 

.27 

.33 

.22 

.52 

■30 

.51 

Pt> 

1 .00 

1 .00 

3-00 

2.90 

2.40 

1 .20 

2.70 

3.00 

3.80 

2 iOO 

2.50 

La 

10.30 

12.30 

6.90 

8.20 

10.90 

10.60 

11.50 

10.90 

12.90 

13.50 

14.10 

Ce 

24.10 

29.80 

20.30 

21.70 

33.30 

27.60 

31.30 

31 .00 

39.30 

35.80 

36.40 

Nd 

19.60 

21 .90 

12.00 

13.10 

19.80 

16.60 

20.90 

18.10 

22.10 

21 .80 

23.40 

So 

4.62 

5.11 

2.98 

3.60 

4.70 

4.50 

5.01 

5.01 

5.70 

5.39 

5.81 

Eu 

1 .41 

1.78 

1.13 

1.28 

1.67 

1.74 

1.91 

1.86 

1.85 

1.91 

2.19 

Dy 

5.10 

6.10 

3.20 

3.90 

5.40 

5.70 

6.10 

4.90 

6.50 

5.60 

5.80 

Yb 

2.15 

2.12 

1 .02 

1 .40 

1.90 

1.79 

2.00 

2.00 

2.06 

1.68 

1.79 

Lu 

.25 

.28 

.14 

.18 

.25 

.26 

.30 

.28 

.29 

.24 

.20 

which  involves  the  most  thorough  sampling  of  prehistoric  Kiiauea 
lava  at  a single  locality  to  dale,  demonstrates  wide  variation  in  the 
composition  of  prehistoric  lava  of  the  F\ina  Basalt  (2.8  ka  and 
younger)  well  exposed  in  the  northwestern  wall  (Uwekahuna  Bluff) 
of  Kiiauea  caldera. 

For  prehistoric  Kiiauea  lava  in  our  study,  we  note  that  the 
uranium  abundance  in  the  three  samples  of  the  Hilina  Basalt 
analyzed  (0.41  -0.71  ppm)  was  considerably  higher  than  that  in  the 
Puna  Basalt  (0.17-0.33  ppm)  with  no  overlap  (table  24.9). 
However,  it  should  be  noted  that  Easton  and  Garcia  (1980) 
suggested,  on  the  basis  of  sample  location,  that  only  one  of  the  live 
samples  (57F-I5)  designated  by  Wright  (1971,  table  4)  as  from 
the  Hitma  Series  (now  Hilina  Basalt)  truly  belonged  to  that 
stratigraphic  unit.  In  any  case,  sample  8X002-0  of  the  Puna 
Basalt  (table  24.9)  is  characterized  by  the  lowest  LREE  content  of 
any  of  the  15  prehistoric  Kiiauea  lava  samples  we  analyzed.  Thus, 
we  are  keenly  aware  of  the  wide  internal  variations  within  the 
prehistoric  Kiiauea  and  several  other  lava  groupings,  as  well  as  the 
related  problems  in  attempting  to  evaluate  differences  between  mean 
compositions.  Indeed,  our  reconnaissance  study  is  intended  to 
identify  specific  petrologic  and  geochemical  topics  for  subsequent 
systematic  sampling  and  detailed  investigations. 


LAVA  OF  THE  KILAUEA  IKI  AND  KAPOHO  ERUPTIONS 

The  November- December  1959  summit  eruption  at  Kiiauea 
Iki,  the  related  January- February  I960  lower  ERZ  eruption  at 
Kapoho,  and  their  eruptive  products  have  been  subject  of  many 
studies  (for  example,  Helz,  chapter  25.  1980;  Murata  and  Richter, 
1966a,  b;  Richter  and  Murata,  1966;  Gunn,  1971;  Weight,  1973; 
Wight  and  others,  1976)  The  Kiiauea  Iki  lava  provides  one  of  the 
best  documented  examples  of  olivine  control  (Murata  and  Richter, 
1966a;  Gunn.  1971 ; Wright,  1973)  whereas  the  Kapoho  lava  has 
been  sboAm  to  include  differentiated  and  hybrid  types  (Wight  and 
Fiske,  1971)  Yet,  despite  the  abundance  of  petrologic  and  major- 
element  data,  there  are  few  systematic  trace-element  data,  other  than 
the  work  of  Gunn  ( 1 97 1 ) for  the  Kiiauea  Iki  lava.  For  our  study,  we 
selected  a suite  of  samples  (Kiiauea  Iki,  10;  Kapoho.  5)  that 
spanned  the  duration  of  the  eruptions  and  showed  a wide  range  in 
MgO  content  (tables  24. 12,  24. 14;  figs.  24.5,  24.9A)  Several  of 
the  samples  we  studied  have  also  been  analyzed  previously,  but, 
unfortunately,  the  inter  laboratory  agreement  between  the  results  is 
unsatisfactory  for  some  of  the  elements  determined  (table  24.6) 

The  mean  composition  for  the  Kiiauea  Iki  lava  is  distinct  from 
those  for  other  olivine-controlled  Kiiauea  lavas,  as  evidenced  by  its 
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Table  24. 12. — CompotHon  of  otivinc-contmtied  thaieitte  of  the  Ktiauea  lift  eruption  and  of  differentiated  and  hybrid  Iolhu  of  the  Kapoho  empbon 

[Oxide  valuta  (hi  weight  percent  I from  Murat*  and  Richter  ( 1966a.  tables  I and  2)  ret**!  lo  100  prtcrnl  dry  value*  foe  donctila  in  parts  p*t  mJbon  Sample*  SI  throuah  S-9  mi e erupted  * 

November,  1959;  S-14  through  $-25  Mi  December.  1959;  and  F-1  through  F 17  duniig  January  - Fdmry.  I960] 


Saaple 

Kllauea  I k 1 

eruption,  1959 

, i960 

S-1 

S-2 

S-3 

S-5 

S-7 

S-8 

S-9 

S-14 

S-1 5 

S-25 

F-1 

F-5 

F-8 

F-1 2 

F-17 

Si02 

50.04 

50.05 

69.67 

*6.7* 

KJEJ 

49.31 

68.66 

49.51 

■tm  j 

49.53 

50.57 

50.79 

49.96 

49.39 

*8.88 

MgO 

8.10 

7.23 

8.86 

19.55 

13.69 

10.49 

13.35 

8.56 

18.89 

8.87 

6.56 

6.09 

8.28 

10.59 

13.16 

K,0 

.55 

.60 

.50 

.36 

.45 

.54 

.47 

.53 

.36 

.53 

.65 

.69 

.60 

.54 

.49 

Tl0? 

2.63 

2.75 

2.55 

1.80 

2.27 

2.54 

2.30 

2.62 

1.86 

2.67 

3.11 

3-37 

2.92 

2.69 

2.43 

V»5 

.25 

.28 

.26 

.18 

.23 

.25 

.23 

.26 

.19 

.26 

.35 

.36 

.33 

.28 

.26 

Ca 

.21 

.22 

.11 

.11 

.00 

.25 

.32 

.00 

.23 

.19 

.25 

.19 

.19 

.06 

.23 

Ba 

158.00 

164.00 

126.00 

75.00 

172.00 

198.00 

151 .00 

174.00 

95.00 

132.00 

144.00 

347.00 

149.00 

353.00 

230.00 

Sc 

31  .60 

30.40 

31.20 

24.40 

27.30 

28.10 

26.20 

29.50 

24.50 

29.30 

29.90 

31.60 

31.10 

29.60 

27.30 

V 

296.00 

300.00 

277.00 

208.00 

223.00 

264.00 

251 -00 

287  .00 

249.00 

291  .00 

0.00 

362.00 

.00 

301 .00 

254.00 

Cr 

251 .00 

148.00 

407-00 

1170.00 

721 .00 

369.00 

543.00 

256.00 

1020.00  338.00 

134.00 

97.00 

231.00 

339.00 

440.00 

Co 

45.00 

44.70 

50.80 

85.10 

67.60 

56.60 

65.50 

49.80 

79.80 

50.60 

46.10 

48.60 

53.30 

60.10 

65.80 

N1 

104.00 

80.00 

168.00 

542.00 

296.00 

170.00 

293-00 

149.00 

525.00 

130.00 

.00 

82.00 

.00 

191.00 

269.00 

MO 

4.90 

4.10 

4.20 

4.30 

3.20 

4.20 

3.80 

5.50 

4.60 

4.10 

.00 

3-90 

.00 

3.60 

3.60 

Zn 

143.00 

137.00 

123.00 

116.00 

109.00 

127.00 

108.00 

120.00 

133.00 

131 .00 

.00 

122.00 

.00 

114.00 

111.00 

Ca 

16.00 

18.20 

16.90 

9.30 

12.30 

14.60 

14.60 

19.60 

14.20 

20.40 

.00 

27.60 

.00 

16.70 

15.60 

Hf 

3.70 

4.20 

4.20 

3.00 

3.20 

4.10 

3.60 

4.20 

3.00 

3.90 

5.50 

t>.00 

5.20 

4.70 

3.80 

Y 

16.40 

19.10 

15.60 

10.10 

9.80 

13.90 

12.20 

18.00 

15.00 

15.40 

.00 

25.90 

.00 

15.40 

13.50 

U 

.48 

.51 

.60 

.32 

.49 

.36 

.43 

.72 

.75- 

.45 

.55 

.54 

.47 

.40 

.64 

Pb 

1.10 

1 .40 

1 .90 

1 .00 

1.10 

1 .60 

2.20 

2.40 

4.60 

2.30 

.00 

3.70 

.00 

1 .70 

1 .30 

La 

14.70 

16.10 

15.00 

11.10 

13.70 

15.10 

13.30 

14.70 

11.90 

15.90 

18.60 

23.00 

18.10 

18.30 

.00 

Ce 

4 4.00 

42.10 

31 .80 

24.10 

30.10 

41  .50 

36.20 

42.00 

24.30 

31  -90 

45.50 

51 .80 

49.30 

45.20 

.00 

Nd 

24.50 

25.60 

2t  .20 

16.00 

.00 

21 .80 

.00 

.00 

15.70 

22.60 

.00 

34.20 

32.60 

32.80 

.00 

So 

4.71 

5.65 

5.10 

3.78 

4.65 

5.11 

4.79 

5.23 

4.02 

5.22 
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I"  K'AIRE  24  3.  — Chondntr  normals/ rd  RF.f.  abundances  of  two  sample-*  of  oil  v«te -controlled  lav*  of  the  1868  Maun  a 1 .na  miplion  plotted  (A)  front  raw  data  (table  24  1 7) 
and  (B)  diet  adjustment  to  7.00  weight  percent  MgO  (tee  appendix  24.  IK  showing  good  convergence  Rand  (red!  bracket*  the  range  ef  mean  value*  for  Mana 
Loa  lava  plotted  in  figure  24  2:  Dy  value  for  sample  W-A-7  and  Ce  value  for  sample  I066ML  plot  outside  thi*  band  and  may  be  spurvou*. 
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FABLE  24. 1 3.  — Aaxtag « compositions  of  special  and  temporal  groups  of  olivine -controlled  lava  of  Kilaoea,  adjusted  to  7.00  Weight  percent  MgO 

[Calculated  from  data  mt  laMr  24.9-24. 1 1.  arnagr  for  KJaur*  Hei  (I9W)  and  Kapoho (I960)  given  in  table  24-14-  S.d. , itandard  devutioo  Onde  value*  in  weight  percent,  valuer  for  dementi  in 
parti  per  millon  Number*  of  lampln  where  different  from  number*  (n)  given;  waot,  7 for  C*.  V,  Ni.  Mo.  Za.  Ga,  Y.  Pb,  and  Dy  (mMn  Kiauea  lb  eroprioft  of  1939);  eait  nft  tone,  5 
for  Dy  (otcbdei  Kapoho  eruption  of  I960):  MMilbwevt  nft  rone.  7 for  Ca;  Prebntooc.  14  for  Dy,  1 3 for  V.  Ni,  Mo.  Z»,  Ga.  Y.  and  Pb.  12  for  Ca;  I8d>  and  19th  creihme*.  5 for  C*.  and  Dy. 
20th  century,  3 for  C>.  hut  one  il.  8 for  Ca,  9 for  Dy.] 


Spatial  groups Temporal  groups 

Summit  East  rift  Southwest  Prehistoric  l8th-19th  20th  Historical 

zone  rift  zone  centuries  century  (all) 
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‘Anomalously  high  adjusted  value  (702  ppm)  for  sample  KD-32  omitted. 

’Adjusted  value  for  sample  HD-32  Is  negative  and  omitted  from  average  (see  appendix  24.1). 

’Three  negative  adjusted  values  (samples  57F-17,  8X078-0,  and  8X067*0)  omitted  (see  appendix  24.1). 
‘Negative  adjusted  value  for  sample  TLW68-12  omitted. 

*Two  negative  adjusted  values  (samples  TLW67*140  and  KD-32)  omitted. 

‘Anomalously  high  adjusted  value  (0.43  ppm)  for  sample  57F-15  omitted. 

’Five  negative  adjusted  values  (samples  57F-17,  8X08-0,  8X067*0.  TLW67-140.  and  KD-32)  omitted. 
•Anomalously  low  value  (23.7  ppm)  for  sample  KD-32  omitted. 
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Figure  24.6. — Ratio*  of  MgO- adjusted  mean  composition!  (computed  from  data 
in  tables  24.13,  24.20)  of  lava  samples  grouped  according  to  space.  SUM, 
mmmil;  ERZ.  east  rift  zone;  SWRZ.  southwest  rift  zone;  NERZ.  northeast  nft 
zone;  FLKS,  northwest  and  southeast  flanks.  Bars  show  ranges  of  ratio*  for  wdl- 
detcrnuned  olivme  incompatible  elements  (K/O.  Tt02.  PjO^,  Sc,  Hf.  and 
REE);  shaded  parts  of  bars  bracket  values  for  LREE  only).  Arrows  indicate 
extension  of  a givm  range  of  values  if  less  precisely  determined  values  for  V.  Mo. 
Zn.  Ga.  Y,  and  Pb  are  considered ; Cs  and  Ba  are  omitted  because  of  wide 
scatter.  Dots  linked  by  dashed  lines  are  ratios  for  uranium. 


higher  concentration  of  K2Of  Ti02,  P2Os,  Ba*  Hf,  U,  and  the 
REE  except  for  Yb  and  Lu  (see  tables  24.13,  24.14).  The 
relatively  elevated  concentrations  of  U are  especially  conspicuous, 
and  many  samples  contain  more  U than  do  samples  of  differentiated 
or  hybrid  lava.  The  reason  for  the  (to  date)  unique  composition  of 
the  Kilauea  Iki  lava  is  unknown,  but  major-oxide  variations  and 
other  evidence  prompted  Wnght  (1973,  p.  849)  to  suggest  these 
lavas  “were  fed  from  a source  different  from  that  which  fed  other 
summit  eruptions"  in  the  1952-68  period.  Our  trace-element  data 
are  compatible  with  Wnght  » postulation.  Wright  s (1973)  mixing 
calculations  show  that  the  vanations  in  composition  of  the  Kilauea  Iki 
lava  can  be  explained  by  mixing  olivine  (plus  chromite)  with  various 
proportions  of  two  end-member  magmas,  represented  by  samples 
5-1  and  S-2  (table  24. 12)  erupted  the  first  day  of  the  eruption. 

Because  of  their  compositional  complexity  and  uniqueness, 
Kilauea  Iki  samples  are  not  included  in  any  of  the  space  or  time 
groupings  of  Kilauea  lava  (tables  24.9-24.11)  Nor  have  we 
incorporated  them  in  the  estimate  of  the  average  composition  of 
Kilauea  Volcano  as  a whole  (table  24. 14)  as  was  done  by  L^eeman 
and  others  (1980,  table  I and  appendix);  of  the  ten  analyses  they 
averaged,  five  arc  of  Kilauea  Iki  lava. 

Compositional  differences  in  the  I960  Kapoho  lava  are  not 
related  to  olivine  control  alone;  they  were  interpreted  by  Wright  and 


Ftske  (1971 ) as  the  result  of  complex  mixing  of  undifferentiated  and 
differentiated  magmas.  Their  calculations  showed  that  the  lava 
erupted  through  January  26,  I960  (samples  F-l  and  F-5.  table 
24.14)  can  be  produced  by  mixing  undifferentiated  1961  magma 
and  early  1955  differentiated  magma,  whereas  lava  erupted  later 
(samples  F-8,  F-12,  and  F-l 7)  resulted  from  mixing  of  olivine, 
one  or  more  undifferentiated  magmas  (1959,  1961,  I967X  and  the 
early  1960  hybrid  magma  (Wright  and  Fiske,  1971,  tables  10  and 
1 1)  Mixing  calculations  incorporating  our  trace-element  constraints 
have  not  yet  been  done  for  the  Kapoho  hybrid  Uva,  nor  for  any  of 
the  differentiated  lava  samples  we  analyzed,  but  the  results  of  such 
studies  should  confirm  or  refine  magma-mixing  models  based  solely 
on  major-element  variations.  For  example,  the  decreased  mean  Sc 
contents  of  the  differentiated  and  hybrid  lavas  (table  24. 14)  relative 
to  those  for  olivine-controlled  Uva,  clearly  reflect  the  effect  of 
pyroxenes  joining  olivine  as  phenocryst  phases.  In  any  case,  the 
Kapoho  lava  (not  MgO  adjusted)  is  characterized  by  the  highest 
concentrations  of  K,  Ti,  P,  Ba,  Hf,  and  REE  of  any  of  the  Kilauea 
lava  samples  analyzed  in  this  study  (table  24. 14;  figs.  24.4,  24.5, 
and  24.9 A) 

MAUN  A LOA  LAVA 

Analytical  data  for  31  Mauna  Loa  lava  samples  are  given  in 
tables  24.15-24.19)  and  plotted  in  magnesia-variation  diagrams 
(fig.  24.10)  The  individual  analyses  were  MgO-acfiusted  to  a 
uniform  MgO  content  of  7.00  weight  percent  to  remove  effects  of 
olivine  control  (see  appendix  24. 1 ) before  computation  of  mean 
compositions  of  samples  grouped  according  to  space  or  time  (table 
24.20)  Several  of  the  Uva  samples  we  studied  also  have  been 
analyzed  in  previous  studies,  and  the  inlerUboratory  comparison  of 
analytical  results  (table  24.5)  indicates  fair  to  good  agreement  for 
most  elements. 

POSSIBLE  SPATIAL  VARIATION 

In  comparison  to  Kilauea,  Mauna  Loa  exhibits  less  chemical 
variation.  Wight  (1971)  could  not  detect  any  significant  systematic 
variation  in  major -element  composition  of  Mauna  Loa  Uva  over 
space  or  time.  More  recently,  Rhodes  (1983)  whose  study  repre- 
sents ihe  most  thorough  sampling  of  historical  Mauna  Loa  Uva  to 
date,  demonstrated  each  flow  is  remarkably  homogeneous,  despite 
the  large  areal  extent  and  volume  and  the  wide  differences  in  the 
duration  of  eruptions  (1-450  days)  Many  historical  lava  fields 
studied  by  Rhodes  (1983,  p.  A869)  “have  compositional  vanabibty 
that  is  within,  to  close  to,  the  analytical  error  for  most  elements." 
This  observation  has  important  implications  for  assessing  possible 
systematic  variation  of  Mauna  Loa  Uva  with  time,  discussed  later. 

Our  trace-element  data,  within  analytical  uncertainty,  do  not 
indicate  any  obvious  differences  between  the  mean  compositions  of 
the  various  groupings  of  olivine-controlled  lava  (tables 
24.15-24.18,  24.20)  However,  possible  minor  compositional 
differences  as  a function  of  space,  though  subtle  and  not  significant 
statistically,  are  suggested  by  the  comparison  of  ratios  of  mean 
compositions  (fig.  24.6)  "Ihe  mean  abundances  of  the  well -deter 
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Figure  24.7. — Companion  of  MgO-adjustrd.  chondrilr -normalized  average  REE  abundances  at  Kjlauea  and  Maun  a Loa  lava  lamp  lei,  grouped  ai  in  tables  24. 1 3 and 
24.20  according  to  space  (4)  and  according  to  time  (B\  For  spatial  groups,  abbreviations  are  same  as  in  figure  24.6;  IKI.  lava  of  1959  Kjlauea  Iks  eruption 
Abundances  of  differentiated  Lava  (DIFFF.RN ) ibown  for  comparison  are  not  MgO  adjusted.  If  DIFFF.RN  curves  are  not  considered,  variability  in  space  and  time  for 
Mauna  Loa  lava  is  less  than  Kilaura  lava,  which  exhibits  a discernible  compositional  gap  between  east  rift  rone  (ERZ)  lava  and  that  of  summit  and  southwest  rift  zone 
(SWRZjl  Temporal  variations  discussed  in  toil. 
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FicURE  24.8. — Rjrt>0«  of  MgO-adjwled  mean  composition*  of  lava  sample* 
fluted  in  table*  24. 13.  24.20)  grouped  according  to  time.  P.  prehwtonc  (erupted 
before  A.D.  1750);  18  and  19,  18th  and  19th  centuries,  respectively;  20,  20th 
century;  H.  Kwlonral  undivided.  Double-ended  heavy  Ime,  range  of  ratios  for 
I RFF  data  of  Budahn  and  Schnutt  (1985,  table  2);  other  symbols  and 
explanation  same  as  in  hg.  24.6. 


mined  elements  (K,  Ti,  P,  Sc,  Hf,  and  LREE)  for  lava  of  the 
SWRZ  appear  to  be  lower  than  their  counterparts  for  SUM  lava 
(figs.  24.6,  24. 7A)  Similar,  but  even  more  subtle,  differences  arc 
hinted  by  the  ratio  shifts  between  the  summit  lava  and  the  lava  of 
Mauna  Loas  northwest  and  southeast  flanks  (FLKS)  and  northeast 
rift  zone  (NERZ);  Specifically,  for  the  ratios  FLKS/SUM  and 
NERZ/SUM,  the  values  for  all  REE  other  than  La  are  less  than 
unity. 

We  emphasize  that  our  sampling  of  FLKS  and  NERZ  lava  is 
small  and  may  not  be  representative.  Furthermore,  the  samples  of 
southeast-flank  lava  are  from  the  Ninolc  Hills,  whose  major-clement 
composition  is  unusual  and  highly  varied  (Wright,  1971,  table  12). 
Because  the  Ninole  lava  (currently  called  the  Ninole  Basalt) 
comprises  the  oldest  known  rocks  of  Mauna  Loa,  as  indicated  by 
provisional  K-Ar  ages  of  0.7  to  0.5  Ma  for  two  dated  flows 
(Evemden  and  others,  1964,  table  4),  it  is  not  nearly  as  fresh  as 
other  Mauna  Loa  lava  analyzed.  Its  chemical  variability  probably  in 
part  reflects  posteruption  weathering  or  possible  alteration. 

In  any  case,  Rhodes  and  Lipman  (1979)  also  found  the 
Ninole  Hills  lava  to  differ  compositionally  from  both  prehistoric 
and  historical  lavas  of  Mauna  Loas  southwest  rift  zone  and 
suggested  that  it  may  be  derived  from  a source  different  from  that  for 
most  Mauna  Loa  lava.  Indeed,  Wright  (1971,  p.  18)  even  sug- 
gested that  M Hie  Ninole  lavas  may  represent  remnants  of  a separate 
volcano  older  than  Mauna  Loa."  If  so.  then  the  apparent  shift  in 


FLKS/SUM  ratios  is  intervolcano  rather  than  intravolcano.  Alter- 
natively. given  the  wide  analytical  uncertainty,  the  apparent  shifts  in 
ratios  plotted  in  figure  24.6  could  be  completely  fortuitous,  could 
represent  sampling  bias,  or  both.  Nevertheless,  as  in  the  case  of 
Kilauea  lava,  we  are  impressed  by  the  seemingly  nonrandom  nature 
I of  the  ratio  shifts  (fig.  24.6).  As  mentioned  earlier  in  the  discussion 
of  Kilauea  lava,  such  minor  but  nonrandom  differences  cannot  be 
ascribed  to  grouping  of  samples  for  irradiations  (table  24. 2\ 
Clearly,  our  speculation  that  the  lava  samples  from  the  western  sector 
of  Mauna  Loa  may  vary  in  composition  as  a function  of  space  must 
be  tested  with  many  more  precise  analyses  of  fresher  samples. 

VARIATION  IN  TIME 

Until  recently,  few  published  data  on  prehistoric  Mauna  Loa 
lava  were  available  to  test  the  possibility  that  it  might  differ 
compositionally  from  historical  lava,  as  had  been  well  demonstrated 
for  Kilauea  (Wnght,  1971)  Rhodes  and  his  colleagues,  in  present- 
ing the  preliminary  results  of  an  integrated  mapping  and  geochemical 
study  of  both  prehistoric  and  historical  lavas  of  Mauna  Loa, 
concluded  that  “there  is  no  evidence  of  major  changes  in  composi- 
tional characteristics  throughout  the  31 ,000  years  of  eruptive  history 
covered  by  our  samples”  (Rhodes  and  Lipman,  1979,  p.  97)  They 
recognized  small  “episodic”  compositional  variations  for  the  histor- 
ical Mauna  Loa  lava  and  suggested  that  processes  that  produced 
such  variations  “occurred  episodically  throughout  the  past  30,000 
years"  (Rhodes  and  others,  1982)  However,  as  discussed  below,  we 
suggest  that  the  prehistoric  lava  differs  chemically  from  historical 
lava  and  that  systematic  minor  secular  variations  may  exist. 

To  our  knowledge,  Budahn  and  Schmitt  (1985)  were  the  first 
to  report  a compositional  difference  between  the  prehistoric  and 
historical  lavas  of  Mauna  Loa.  The  results  of  our  study,  based  on 
more  comprehensive  sampling,  confirm  their  observation.  Assuming 
that  our  mean  trace-element  compositions  for  the  groupings  of 
Mauna  Loa  lava  are  representative,  our  data  suggest  a composi- 
tional distinction  between  the  19th-century  and  20th-century  lavas 
as  well  (there  are  no  known  18th-century  eruptions)  Our  data 
suggest  small  but  systematic  relative  decreases  with  time  in  the 
abundances  of  K.  Ti.  P.  Sc.  Hf.  and  LREE  (table  24.20;  figs. 
24.7 B,  24.8,  24. 1 1)  For  certain  of  tbe  other  olivine-incompatible 
elements,  the  trend  of  inferred  secular  variation  is  convincingly 
demonstrated,  we  believe,  by  tbe  more  comprehensive  and  precise 
data  of  Rhodes  (1983)  for  the  historical  Mauna  Loa  lava  (table 
24.21;  fig.  24.12)  As  mentioned  in  tbe  abstract  by  Rhodes  and 
others  (I982X  the  general  features  of  the  variation  shown  in  figure 
24. 12  are  also  reflected  in  the  variation  of  a few  other  incompatible 
elements  and  the  ratios  LREE/HREE,  Zr/Y,  and  K/Ti.  Hie 
striking  parallelism  between  tbe  variation  patterns  evident  in  figure 
24. 12,  even  at  tbe  scale  of  the  small  change  between  the  1949  and 
1950  eruptions,  attests  to  the  high  precision  of  Rhodes’  data. 

As  earlier  noted  by  Rhodes  and  others  (1982)  a significant 
compositional  break  occurs  between  lava  erupted  before  and  after 
1870  (fig.  24.12)  For  this  reason,  we  chose  to  lump  the  1880, 
1887,  and  1899  eruptions  with  the  20th-century  eruptions  in 
computing  the  averages  in  table  24.21.  However,  even  if  the 
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TaDL£  24. 14.  — Avragv  rompojitkMU  of  ihokiite  tampla  analysed  in  ifa  tiudy 
[C^lcaUkd  frotn  tUu  » ubi,  24.9-24.12  and  24.IS-24.I9  S.d.  tundard  doubon.  Oudr  m pcrccaC  values  to*  eWo u in  parU  p«  ouU.oo) 


Olivine 
(adjusted  to  7 

[-controlled  lava 
.00  weight  percent  MgO) 

Differentiated  and  hybrid  lavas, 
(not  adjusted  for  MgO) 

Kilauea 
n - 10 

1 k 1 

Kilauea1 
n - 25 

Mauna 
n ■ 

Loa* 
• 24 

Differentiated’ 
n - 11 

Kapoho 
n - 5 

Mean 

s.d. 

Mean 

S.d, 

Mean 

S.d. 

Mean 

S.d. 

Mean 

S.d. 

MgO 

7.00 

- 

7.00 

- 

7.00 

- 

6.45 

.42 

8.94 

2.95 

k2o 

t!o2 

.55 

.03 

.45 

.05 

* .41 

.04 

.49 

.09 

.59 

.08 

2.73 

.05 

2.56 

.14 

2.14 

.15 

2.58 

.41 

2.90 

.36 

P2°5 

.27 

<.ot 

.24 

.02 

* .23 

.02 

.27 

.05 

.32 

.04 

Cs 

.24 

.09 

.19 

.08 

.25 

.23 

.19 

.20 

.18 

.07 

Ba 

164 

34 

‘126 

52 

127 

48 

154 

51 

245 

102 

SC 

32.4 

2.0 

31.9 

2.1 

31.4 

1 .6 

29.9 

1.7 

29.9 

1.7 

V 

297 

20 

307 

*3 

314 

22 

332 

35 

306 

54 

Cr 

200 

85 

‘261 

108 

’224 

55 

151 

59 

248 

143 

Co 

40.7 

4.6 

43-5 

2.6 

•41.1 

9.4 

42.6 

2.9 

54.7 

8.0 

Ni 

44 

20 

*68 

36 

“77 

21 

79 

17 

181 

94 

Mo 

5.0 

1.0 

4.6 

1.0 

4.5 

1.3 

4.3 

.7 

3.7 

.2 

2n 

128 

13 

131 

13 

125 

16 

138 

15 

116 

6 

Ga 

17.7 

2.5 

20.0 

3.2 

17.5 

2.1 

20.5 

2.6 

20.0 

6.6 

Hf 

4.2 

0.2 

3.8 

.4 

3.4 

3 

4.1 

l .1 

5.0 

.8 

Y 

16.6 

2.8 

18.7 

3.1 

18.7 

2.4 

23.2 

6.4 

18.3 

6.7 

U 

n *59 

.20 

.35 

.13 

.22 

.05 

.38 

.24 

.52 

.09 

Pb 

ni.0 

.6 

2.5 

1.1 

2.5 

1.0 

3.3 

1.1 

2.2 

1.3 

La 

16.2 

.7 

12.0 

1.6 

9.5 

1.3 

12.4 

1.8 

19.5 

2.3 

Ce 

39.5 

5.0 

31.6 

4.4 

24.5 

3.8 

33.4 

8.1 

48.0 

3.2 

Nd 

23.9 

1 .2 

21.1 

2.7 

17.2 

1 .6 

23.1 

6.0 

33.2 

.9 

Sm 

5.52 

.27 

5.12 

.5 

4.61 

.35 

5.55 

1.2 

6.82 

.51 

Eu 

2.01 

.07 

1.88 

.19 

1.64 

.27 

1.97 

.38 

2.45 

.25 

Dy 

5.8 

.9 

5.6 

.9 

5.2 

.6 

5.8 

1.4 

6.6 

.9 

Yb 

2.01 

.17 

2.04 

.20 

2.02 

.15 

2.24 

.42 

2.42 

.4 

Lu 

.25 

.05 

.26 

.03 

.27 

.02 

.31 

.05 

.35 

.06 

1 

and  20 

Some 

for 

trace  elements  not 
Cs. 

determined 

for  all 

samples: 

n - 23  for  V, 

Ni.  Mo, 

Zn,  Ga,  Y 

, Pb;  22  for  Dy; 

Mo,  Ga 

Some 
, *. 

trace  elements  not 
U,  Pb,  and  Sm;  and 

determined 
21  for  Nd, 

for  all  samples: 
20  for  Cs. 

n • 23  for  Ga, 

, Yb,  and  Lu;  n - 

23  for  V,  NI,  Zn, 

’So-called  differentiated  samples  of  Hauna  Loa  and  Kilauea  (MgO  <6.80  weight  percent  include  those  in 
table  24.19  and  those  indicated  In  tables  24.9*24.11.  These  data  are  not  adjusted  to  7.00  weight  percent  MgO. 
'Samples  ID-275-2  and  ID-214-2  omitted  because  of  anomalously  low  values. 

Adjusted  value  for  sample  KD-32  (702  ppm)  omitted. 

‘The  adjusted  value  for  HD-32  was  negative  and  omitted  (see  appendix). 

’Four  negative  adjusted  values  (samples  TLW67-84,  TLN67-89,  C819,  and  1868  ML)  omitted. 

‘Anomalously  low  values  (<30.0  ppm)  for  samples  TLK67-84,  C819.  and  1868  ML  omitted. 

‘Six  negative  adjusted  values  omitted  (samples  57F-17,  8X078-0,  8X067-0,  TLW68-12,  TLW67-140  and  KD-32). 
l0Ten  negative  adjusted  values  omitted  (samples  TLW67-84,  TLW67-89,  65MAN-1 , 1 868  ML,  TLN67-79,  TLW67-61 , 
TLW67-63,  TLW  67-1 17A,  ID-275-2,  and  ID-214-2). 

‘‘Anomalous  value  (6.6  ppm)  for  sample  $-15  omitted. 
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La  Ce  Pr  Nd  Pm  Sm  Eu  Gd  Tb  Dy  Ho  Er  Tm  Yb  Lu 


La  Ce  Pr  Nd  Pm  Sm  Eu  Gd  Tb  Dy  Ho  Er  Tm  Yb  Lu 


RARE*  EARTH  ELEMENTS 


Figure  24.9. — Companion  of  chondnte  normalized  average  REE  abundance*  for  groups  of  Kilauea  lava.  A.  Curve*  for  MgO- adjusted  Kilauea  Ilu  lava  (IKlX  Kapoho 
lava,  not  MgO  adjusted  (KAPX  and  overall  Kilauea  average  (data  from  table  24. I4X  B.  Curves  for  MgO-adjutled  average*  erf  historic aJ  Kilauea  lava  and  average*  for 
1969-71  Mauna  Uli  lava  group*:  KILAVGI  (Ba*ah»c  Vokamam  Study  PR*cct,  1901  X KILAVG2  and  MUAVG-L  (Leeman  and  other*.  I9O0X  and  MUAVG- 
H (Hoffman  and  other*,  I984X  Curves  for  Mauna  Ulu  lava  lie  slightly  below  average*  previously  determined  for  historical  Kilauea  lava  m ( B\  but  slightly  above  our 
Kilauea  average  (AX  which  excludes  data  for  Kilauea  Iki  lava  (see  test  l 


TABLE  24.15.  — Composition  of  oln>me  controlled  iholcntc  of  Mama  Loot  wmmU 

(Oxide  vsJur*  (n  weigh*  percent)  frem  Wright  (1971,  table  flX  recast  to  100  percent  dry  wnghi; 
value*  for  element!  in  parts  per  natliiun] 


Sanple 

Prefil 

atone 

Historical 

TLM67-84 

TLU67-708 

l9th  c 
7La67-SS 

entury  _ 
7Lgt7*89 

20  tn  century 
H'56’2 

Si0? 

49.20 

52.12 

52  .20 

51.29 

52.16 

MgU 

16.29 

6.93 

6.85 

10.76 

7.07 

M 

.32 

.46 

.41 

.30 

.40 

TICl, 

».7o 

2.12 

2.01 

1.74 

2.04 

.17 

.25 

.23 

.23 

.21 

Cs 

.00 

.24 

.05 

.00 

• 30 

Ba 

67.00 

92.00 

66.00 

1 57 .00 

94.00 

Sc 

26.50 

30.30 

32.20 

30.20 

32.60 

V 

211 .00 

297 .00 

319.00 

273-00 

.00 

Cr 

502. 00 

24&.Q0 

165.00 

501 .00 

211.00 

Co 

59.60 

43.00 

46.60 

6*4.40 

50.00 

Hi 

505. 0D 

a*. 00 

60.00 

149.00 

.00 

Mo 

3.60 

3.70 

3.60 

4.00 

.00 

Zn 

106.00 

m. 00 

14^.05 

153.00 

.00 

Ca 

10.30 

17.40 

16.60 

16.10 

.00 

HJ 

2.60 

3.C1O 

3-&C 

3.10 

3.30 

If 

12.10 

19.00 

18.60 

16.70 

.00 

11 

.•8 

.23 

.16 

.14 

.00 

P6 

2.10 

2.40 

2.20 

l .40 

.00 

La 

T.*> 

10.40 

tO. 20 

7.20 

S.uO 

23.50 

2fl  .70 

27.20 

2*  >0 

.00 

Nd 

14.60 

16.00 

•9.90 

14.80 

17.10 

Jn 

3.65 

5.10 

4.62 

4.05 

4.tJ9 

Ea 

1.20 

i.aj 

1.79 

1 .60 

1.87 

4.10 

5.30 

5.«/> 

5.30 

4.3U 

rt. 

.00 

1 .ao 

2-36 

2.02 

2.16 

Ul 

.26 

.26 

.28 

.26 

.26 

Digitized  by  Google 


24  TRACE-ELEMENT  CHEMISTRY  OF  KILAUEA  AND  MAUNA  UJA  LAVA  IN  SPACE  AND  TIME:  A RECONNAISSANCE  669 


TABLE  24.16.  — Co/npo*rtk>n  of  obvine-conboQed  thoiciiie  of  Mauna  Loot  noeihcatf 
lift  zone 

(Onde  vaJim  (■  w^igfct  percent)  from  \tTT*hl  (1471.  uble  I0l  recall  to  100  percent  dry 
waght.  vtlun  for  fionaili  in  part*  per  million} 


P rent  atone 

Historical 

19  th 

century 

20th  century 

TB52 

’855 

1942 

Sample 

TLW67-29 

TLW67-6! 

TLH67-63 

TLW67-62 

sio2 

MgO 

52.02 

48.92 

50.74 

51.92 

6.99 

16.88 

9.79 

7.21 

k2o 

tio2 

.*11 

.33 

.38 

.36 

2.10 

1.62 

2.02 

2.06 

PA 

.2*1 

.19 

.21 

.21 

Cs 

.11 

.00 

.11 

.06 

Ba 

140.00 

17*4.00 

97.00 

241  .00 

Sc 

29. *0 

2*4.90 

29.40 

30.90 

V 

311  ,oo 

240.00 

298.00 

309.00 

Cr 

22*4.00 

938.00 

408.00 

270.00 

CO 

41 .90 

76.90 

53.70 

45.00 

Ni 

88.00 

*472.00 

179.00 

76.00 

Mo 

3.80 

4.30 

5.40 

4.30 

Zn 

133.00 

108.00 

145.00 

135.00 

Ga 

19.30 

n. ao 

19.10 

20.40 

Hf 

3-30 

2.60 

3.00 

3.10 

t 

19.20 

11.80 

16.60 

16.00 

V 

.22 

.20 

.22 

.16 

Pb 

1 .00 

2.20 

1 .40 

2.20 

La 

9. **0 

7.70 

9.80 

6.90 

Ce 

25.90 

20.40 

22.20 

22.90 

Nd 

19.50 

13.50 

15.90 

16.30 

Sm 

*4.57 

3.69 

4.08 

4.53 

Eu 

1.63 

1.40 

1.57 

1.57 

D, 

5.00 

4.20 

4.40 

5.20 

*b 

1 .92 

1.45 

1.76 

1.89 

Lu 

23 

.19 

.24 

.25 

averages  were  computed  using  the  arbitrary  time  groupings  used 
elsewhere  in  this  study  for  historical  lava  (18th  and  19th  centuries 
versus  20th  century),  the  two  resulting  averages  would  still  yield  the 
same  results,  although  the  differences  between  them  would  be 
smaller. 

In  summary,  as  with  the  inferred  secular  variation  in  Kilauea 
lava,  we  admit  that  the  differences  observed  for  Mauna  Loa  lava 
also  are  largely  within  analytical  uncertainty,  but  we  attach  signifi- 
cance to  the  nonrandom  pattern  of  variations  defined  by  the  mean 
compositions  of  the  prehistoric  and  historical  lavas.  If  the  variations 
were  truly  statistically  random,  then  there  would  be  no  reason  for  the 
observed  systematic  shifts  in  the  ratios  of  the  mean  compositions.  It  is 
also  apparent  from  our  data  that  the  patterns  of  compositional 
variation  of  Mauna  Loa  lava  in  time  and,  possibly,  space  differ  in 
trend  from  those  for  Kilauea  lava,  as  discussed  below. 

DISCUSSION 

DIVERGENCE  IN  SECULAR  VARIATION  PATTERNS  FOR 
KILAUEA  AND  MAUNA  LOA  LAVAS 

Systematic  differences  in  petrographic  and  major-element 
characteristics  of  Kilauea  and  Mauna  Loa  lavas  have  been  recog- 
nized in  numerous  previous  studies,  beginning  with  Macdonald 


(1949a,  bX  and  comprehensively  documented  by  Wright  (1 97 IX 
More  recently,  a few  studies,  based  on  limited  sampling,  have  shown 
that  the  tholeiite  lava  of  these  two  volcanoes,  not  surprisingly,  also 
! differ  in  the  abundance  patterns  of  various  trace  elements  (Murata, 
1970;  Lecman  and  others,  1977,  I960;  Basaltic  Volcanism  Study 
Project,  1981;  Budahn  and  Schmitt,  I985X  Our  study  reinforces 
the  findings  of  these  previous  workers  (fig.  24. 13X  At  a given  MgO 
content,  Kilauea  olivine-controlled  lava  has  distinctly  greater  abun- 
dances of  olivine- incompatible  elements  than  Mauna  Loa  olivine- 
controlled  lava;  these  distinctions  are  enhanced  if  the  Kilauea  Iki 
samples  are  included  m the  computation  of  average  composition  of 
Kilauea  lava  (table  24. 14X  All  recent  studies  conclude  that  the 
chemical  differences  between  Kilauea  and  Mauna  Loa  cannot  be 
explained  solely  by  shallow  fractionation  processes  and  reflect 
heterogeneities  in  the  mantle  source  regions  and  (or)  different  mehing 
mechanisms  to  produce  the  chemically  distinct  magmas  (see,  for 
example,  Lecman  and  others,  1980;  Wight,  1984;  Budahn  and 
Schmitt,  I985X 

If  our  inferred  time-space-composition  relations  (tables  24. 13, 
24.20;  figs.  24.6-24.9)  are  valid,  then  an  intriguing  pattern 
emerges.  For  Kilauea,  the  MgO-adjusted  mean  abundances  of  K, 
Ti,  P,  Sc,  Hf,  U,  and  the  LREE  tend  to  increase  progressively 
with  time,  whereas,  for  Mauna  Loa,  these  elements  tend  to  decrease 
with  time  (figs.  24. 14,  24. 1 5X  These  relations  are  also  indicated  by 
the  data  of  Budahn  and  Schmitt  (1985,  table  2X  The  lava  of  the 
1969-71  Mauna  Ulu  eruption  of  Kilauea  shows  considerable 
major -element  variation  with  time  and  exhibits  at  least  a temporary 
reversal  in  Ti02  and  K20  content  relative  to  the  overall  secular 
change  for  Kilauea  olivine-controlled  lava  (Wight  and  others, 
I975X  However,  the  limited  trace-element  data  for  the  Mauna  Ulu 
lava  (Lecman  and  others,  1980;  Hoffman  and  others,  1984)  and 
the  November  1975  summit  lava  (one  analysis,  Basaltic  Volcanism 
Study  Project,  1981 X if  MgO-adjusted,  fall  close  to  our  computed 
mean  for  20th-century  olivine-controlled  Kilauea  lava. 

The  combined  effects  of  these  two  apparently  diverging  trends 
cause  the  difference  in  composition  between  Kilauea  and  Mauna 
Loa  lava  to  increase  with  time  (figs.  24. 14,  24. 15X  Our  data  for 
other  olivine-incompatible  elements  lack  sufficient  precision  to  define 
other  such  trends,  but  the  limited  data  of  Budahn  and  Schmitt 
(1985,  table  2)  may  indicate  a similar  divergence  of  variation  trends 
for  Ba  and  Ta.  In  addition,  the  data  of  Rhodes  ( 1983)  for  Nb,  Zr. 
and  Sr  abundances  in  historical  Mauna  Loa  lava,  as  discussed 
earlier,  yields  a decreasing  trend  with  time;  unfortunately,  however, 
comparably  precise  data  for  these  elements  in  Kilauea  lava  needed  to 
fully  define  the  diverging  trends  for  the  two  volcanoes  are  lacking. 

Samples  analyzed  in  this  study  include  historical  eruptions 
through  July  1968  at  Kilauea  and  through  1950  at  Mauna  Loa. 
Only  limited  published  trace-element  data  exist  for  Hawaiian  lava 
erupted  since  then  to  test  our  observations.  Hie  few  data  on  lava  of 
the  July  1975  summit  eruption  at  Mauna  Loa  (Rhodes.  1983; 
Budahn  and  Schmitt,  1985)  show  that  its  composition  falls  within 
the  range  for  other  20th-century  eruptions. 

Thus,  at  the  present  lime,  available  trace-element  data  are 
insufficient  to  ascertain  whether  the  apparent  diverging  secular 
variation  trends  for  the  two  volcanoes  continue  in  lava  erupted  since 
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TABLE  24. 17. — Co/npowfton  of  obvmt-<ontroQcd  iholerik  of  Mama  Loai  louthuktl  rift  zone 

[OimIt  v«iurs  (in  wngja  percent)  f rum  MViuhl  (1971.  ublr  9X  rKH  In  100  pnt«nl  dry  wr^jbt;  *ak m (or  elrtn«rt»m  part* per  million.  Sample  C&20  6t»  dAwhow  df  diflcmwtatrd  and  n otwnrd 

in  calculation  ot  m»gti  and  not  plotted  m figure  24. 10] 


Prehistoric Historical 


19th  century 20th  century 


Sample 

cai9 

C820 

6 5 MAN- 1 

1868 

■■■■ 

1919 

H-34 

1926 

1950 

W-A-7 

1 868ML 

TLW67-59 

TL9-67-76 

TLWc.7-73 

TLW67-79 

sio2 

446  .29 

99 .35 

50.44 

51 .39 

96.88 

52.27 

52.10 

51.69 

52.03 

51  .48 

HgO 

24.25 

6.12 

13.13 

8.84 

23.64 

7.50 

7.09 

7.82 

6.87 

9.22 

k2o 

.28 

.36 

.39 

.41 

.26 

• 33 

.35 

.35 

.37 

.36 

tIo2 

1.24 

2.82 

1.66 

2.07 

1.39 

1.95 

2.12 

2.05 

2.10 

1.93 

P2°5 

.15 

.28 

.19 

.23 

.14 

.19 

.21 

.20 

.22 

.21 

Cs 

.54 

.19 

.38 

.19 

.45 

.14 

.29 

.14 

.10 

.17 

Ba 

50.00 

230.00 

48.00 

174.00 

108.00 

134.00 

1 16.00 

110.00 

143.00 

58.00 

Sc 

17.70 

31.30 

25.50 

29-30 

20.90 

30.30 

29.60 

30.30 

31.00 

28.60 

V 

.00 

353.00 

236.00 

295.00 

202.00 

335.00 

362.00 

317.00 

337.00 

311  .00 

Cr 

924.00 

78.00 

652.00 

369.00 

1250.00 

260.00 

237.00 

277.00 

202.00 

395.00 

Co 

95.70 

44.90 

61  .70 

47.00 

95.40 

46.20 

42.80 

47.10 

44.90 

49.70 

Ni 

.00 

62.00 

293-00 

152.00 

846.00 

83.00 

90.00 

145.00 

82.00 

131-00 

Mo 

.00 

4.30 

4.50 

4.40 

4.00 

3.80 

5.00 

4.60 

4.60 

5.00 

Zn 

.00 

137.00 

123-00 

198.00 

106.00 

119.00 

119.00 

104.00 

114.00 

126.00 

Ca 

.00 

21  .40 

14.80 

16.10 

8.40 

16.60 

20.70 

19.00 

20.40 

18.20 

Hf 

2.00 

4.40 

2.40 

3.20 

2.00 

3.00 

3.20 

3.00 

3.60 

2.80 

Y 

.00 

25.40 

15.10 

16.20 

8.50 

21.20 

23.90 

21  .00 

20.40 

18.80 

U 

.00 

1.00 

.16 

.21 

.16 

.15 

.25 

.17 

.18 

.IS 

Pb 

.00 

3.80 

1.50 

2.60 

3-00 

2.30 

2.00 

3.10 

2.30 

2.80 

La 

6.70 

11.50 

7.20 

9-30 

5.70 

7.80 

8.60 

8.80 

9.00 

7.50 

Ce 

18.20 

27.10 

20.80 

24.40 

12.50 

21.40 

18.80 

23-40 

23.30 

16.80 

NO 

11.40 

21  .80 

15.10 

14.80 

9.50 

16.20 

16.00 

.00 

16.80 

16.20 

Sm 

4.66 

3-59 

4.40 

2.67 

.00 

4.20 

4.44 

9.36 

3.97 

Eu 

1 .02 

2.32 

1.32 

1.69 

.99 

1.51 

1.45 

1.61 

1.67 

1.26 

Dy 

3.00 

6.00 

3.80 

6.50 

2.90 

5.00 

4.30 

5.40 

5.90 

4.70 

Yb 

1.21 

2.63 

1.4? 

2.00 

1.30 

2.02 

2.00 

1.88 

2.01 

1.94 

Lu 

.00 

.32 

.22 

.27 

.15 

.28 

.26 

.28 

.29 

.24 
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Tab IX  24. 18.  — Composition  of  ohvinc-cof^roHed  tholciite  of  Mauna  Loot  northwest  and  southwest  flanks 

[OknW  V*|ur»  <ia  wnghi  pmal ) from  IXtogbl  ( 1 97 1 , tables  1 1 and  121  rwMl  lo  100  percent  dry  weight;  valuer  far  rlnomti  m part*  pn  mdbon 
Sample  TUw67-l  19  fib  defuutMM  of  differentiated  and  » omitted  n calculation  of  «w**r»  and  art  pic*  led  in  (cure  24. 10] 


Northwest  flank Southwest  flank 


Prehistoric Historical  Prehistoric  (Ninole  Hills) 

1859 


Sample 

TW67117A 

TLW671I9 

TLW67125 

DPH-77 

ID-098-2 

ID- 275-2 

ID-214-2 

Si02 

49.59 

52.30 

50.84 

51.46 

50.53 

50.08 

67.50 

MgO 

14.37 

6.74 

7.85 

7.75 

7.17 

9.99 

17.45 

K2° 

.34 

.46 

.43 

.43 

.46 

.09 

.08 

tio2 

1.70 

2.16 

2.24 

2.17 

2.68 

2.05 

i.6i 

p2o5 

.19 

.25 

.23 

.25 

.26 

.17 

.14 

Cs 

.00 

.05 

.16 

.27 

.10 

.12 

.13 

Ba 

101  .00 

94.00 

1 17.00 

147 .00 

138.00 

93-00 

73.00 

Sc 

24.80 

29.30 

29.20 

28.70 

31.20 

30.10 

24.90 

V 

252.00 

293-00 

290.00 

305.00 

334.00 

312.00 

240.00 

Cr 

628.00 

183.00 

377.00 

278.00 

235.00 

463.00 

854.00 

Co 

61  .50 

38.60 

46.90 

44.50 

47.80 

53-80 

79.60 

Nl 

371 .00 

75.00 

118.00 

98.00 

111.00 

135.00 

477.00 

Mo 

4.00 

2.90 

4. U0 

2.80 

5.40 

4.60 

3.50 

Zn 

106.00 

113.00 

107.00 

113.00 

124.00 

123.00 

126.00 

Ga 

12.10 

17.60 

15.40 

15.60 

17.00 

17.00 

11.20 

Hr 

2.50 

3.00 

3.30 

3.40 

4.20 

3.00 

2.30 

Y 

12.60 

17.10 

20.10 

19.60 

21 .90 

17.80 

12.50 

U 

.17 

.23 

.36 

.19 

.31 

.16 

.15 

Pb 

2.60 

2.00 

1.30 

2.00 

1 .20 

3.20 

3.40 

La 

7.90 

10.30 

10.20 

8.80 

13.40 

7.80 

6.70 

Ce 

19.70 

24.80 

25.30 

25.90 

29.30 

16.00 

14.20 

Nd 

14.20 

17.00 

0.00 

16.70 

0.00 

12.60 

11.10 

Sm 

3.64 

4.42 

4.76 

4.77 

5.49 

3.78 

3.10 

Eu 

1.21 

1.52 

1.58 

1.72 

2.08 

1.50 

1.21 

Dy 

3.90 

4.60 

5.30 

4.70 

6.40 

4.20 

3.70 

Yb 

1.65 

2.03 

1.94 

1.75 

2.18 

1.82 

1.49 

Lu 

.21 

.29 

.27 

.25 

.25 

.24 

.19 

Table  24. 19. — Composition  of  differentiated  lotto  of  Mauna  Loo.  These  samples 
are  not  oln>me -controlled  in  terms  of  major-element  composition 

[Oxide  values  (n  wogfu  percent)  from  VAyight  (1971,  table  131  recast  to  100  percent  dry 
weight,  value*  for  dementi  in  part*  per  nullum] 


Sample 

Preu L a tor  sc 

Hi  uteri cal 

9 

I9tn  century 

20th  century 

19*3 

192b 

M-A-22 

W-A-23 

7LW67-66 

TL667-72 

S10, 

52.  49 

61.74 

51 .99 

52.05 

52TT? 

MgU 

5.5* 

6.76 

6.8t 

6-1/6 

6.70 

«,0 

.73 

.*5 

.47 

.42 

Tio. 

3-»9 

2.16 

2.16 

2.16 

2.23 

pJ°5 

.42 

.25 

.25 

.26 

.23 

Ca 

.19 

.12 

.11 

.08 

.02 

0a 

100.00 

96.00 

137.00 

253.00 

1 59 .00 

Sc 

25.90 

29.30 

29.30 

29-30 

31. 60 

V 

375.00 

299.00 

309.00 

.00 

325 .00 

Cr 

139.00 

195.00 

226.00 

138.00 

150.00 

Co 

41 .20 

*0.50 

*0.90 

43.20 

44.50 

Nl 

86.00 

63.00 

lOu.OO 

.00 

78.00 

No 

4.20 

4.20 

4.20 

.00 

4.30 

Zn 

125.00 

152.00 

131.00 

.00 

131.00 

Ca 

21.30 

20,20 

17.70 

.00 

18.90 

Hf 

6.70 

3.10 

3.30 

3.30 

3.60 

i 

39.30 

17.60 

19.90 

.00 

23-30 

u 

.45 

.20 

.18 

.25 

.19 

Pt> 

3.60 

2.60 

4.00 

.00 

2.*0 

La 

14.90 

11.00 

10.30 

11.60 

11.00 

Ce 

51 .10 

30.  U0 

26 .50 

30.70 

24.10 

NO 

3f.0Q 

16.70 

20.20 

20.00 

18.40 

SB 

9.50 

*.77 

5.22 

4.59 

4.95 

£u 

2.76 

1.65 

1 .70 

1 .76 

1.77 

Dy 

8.95 

4.80 

4,u0 

4.50 

5.20 

Tt> 

3.01 

1.81 

1-73 

2.19 

2.33 

Lu 

.42 

.26 

.24 

.17 

.38 
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Fit. <L  141  24. 10.  — MgO-vanalion  diagrams  for  olivine-controlled  lava  <4  Mauna  Loa.  A,  Summit  (SUMX  B,  Southwest  rift  rone  (SWRZX  C,  Noctkrul 
rift  time  (NER/.l  D,  NmiHwhI  and  southeast  flank*  (El-KS)  Open  symbols.  prehistoric . solid  black  symbols.  19th  century:  sobd  red  symbols.  20tK 
century  fXifferentwitrd  lava  (Mid.)  * 6 8 weight  percent)  of  Mauna  Lu  (table  24  19)  and  of  Kilauea  I. samples  specified  in  headings  of  tablet 
24.9-24  I I)  would  plot  hi  dashed  held* 
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25  23  21  19  17  15  13  11  9 


MgO  CONTENT. 


I IN  HAWAII 
SOUTHEAST  FLANKS 


45.1 

40.1 

35.1 


□ -j  30. < 

tf  - 25,1 

□ - 20.< 


680 


VOLCANISM  IN  HAWAII 


Table  24.20. — Average  compvutiow  of  tpabal  and  temporal  gntupi  of  olivine-<ontrolled  lava  of  Mama  Log,  adjuUrd  to  7.00  locighl  peneni  MgO 

(Calculated  from  data  m ublr  24  15-24, 18:  S.d. . standard  drviatic*.  Oxxic  valors  in  wn«ht  percent;  'dm  for  elements  m part*  per  million  Nwnbm  of  samples  where  iMferenl  from  mmdxri  i 
pven  sumernt . 3 fee  Ca  and  4 for  V',  Ni,  Mo.  Zii,  Ga,  Y,  U,  Pb,  Ce,  and  Yb;  northeast  rift  tone.  3 fee  Cs.  southwest  rift  tom.  8 far  V,  Nl.  Mo,  ?«,  Ga,  Y,  U,  Pb,  Nd.  and  Lu,  7 far  Sn. 
northwest  and  southeast  tanks.  5 for  Cs.  4 fee  Nd;  prchttlam . 9 fer  V,  Ni.  Mo.  Za,  Ga.  Y.  U.  Pb.  Sm.  and  Yb.  6 fee  Cs  and  Nd;  I8«h  and  19th  centimes.  7 for  Sm  and  6 fer  Q.  20* 
—ry.  5 fee  V.  Ni.  Mo.  Zn.  Ga.  Y.  U.  Pb.  Co.  and  Nd| 


Spatial  groups  Temporal  groups 

SuwT.it  northeast  Southwest  Northwest  PrehTatorTc  l6th-9th  20  th  Historical 

rift  zone  rift  zone  and  Southeast  oenturlea  century  (all) 

flanks 

n-5  n-4  n-9  nab  n«1Q  n«8  n*6  n»M 


Kean 

s.d. 

Mean 

s.d. 

Mean 

s.d. 

Mean 

S.d. 

Mean 

S.d. 

Mean 

S.d. 

Mean 

S.d. 

Mean 

S.d- 

MgO 

7.00 

- 

7.00 

- 

7.00 

. 

7.00 

- 

7.00 

- 

7.00 

- 

7.00 

- 

7.00 

- 

P2° 

.40 

.05 

.40 

.03 

.40 

.05 

* .44 

<.02 

* .44 

.03 

.40 

.05 

.37 

<.02 

.39 

.0* 

T10, 

2.07 

.14 

2.12 

.04 

2.10 

.10 

*2.20 

.08 

*2.16 

.11 

2.11 

.13 

2.00 

.03 

2.10 

.10 

P2°5 

.23 

<.02 

.23 

<.02 

.22 

.02 

.24 

.01 

1 .24 

<.02 

.23 

.02 

.21 

<.01 

.22 

.00 

Cs  5 

.20 

.13 

.10 

.03 

.36 

.32 

1 .17 

.07 

.29 

.29 

.26 

.26 

.18 

.10 

.22 

fta 

107 

3? 

160 

66 

120 

47 

118 

22 

102 

25 

156 

47 

126 

62 

144 

5* 

sc 

32.3 

1.3 

31.3 

1.6 

*30.6 

.5 

31.2 

1.7 

31.2 

1.5 

* 31.6 

1.5 

30.9 

1 .0 

31.6 

1.6 

V 

294 

22 

312 

5 

324 

26 

315 

16 

302 

24 

315 

12 

332 

20 

321 

17 

Cr  ' 

•2i8 

30 

256 

30 

228 

11 

200 

94 

*210 

82 

*240 

34 

227 

19 

234 

27 

Co 

‘48.1 

3.7 

42.2 

2.2 

*42.6 

3.0 

41.2 

5.1 

*41.2 

4.2 

*44.1 

4.4 

44.7 

3.2 

44.5 

3. 

Nl 

*88 

1 

•76 

18 

’72 

25 

*73 

25 

•86 

15 

'*50 

22 

“83 

14 

7 

Mo 

4.2 

.5 

4.9 

1.0 

5.0 

.09 

4.6 

.9 

4.7 

.6 

4.7 

1.3 

4.8 

.4 

4.7 

1.0 

Zn 

131 

24 

*32 

15 

123 

14 

119 

12 

121 

11 

133 

19 

121 

13 

128 

16 

da 

16.5 

1.7 

19.0 

2.3 

18.2 

2.1 

16.2 

1.3 

16.6 

1.7 

16.9 

1.8 

20.0 

.6 

18.1 

2.1 

Hf 

3.6 

.1 

3.3 

.2 

3.2 

• 3 

3.4 

.4 

3.4 

.4 

3-4 

.2 

3.3 

.3 

3.3 

.2 

I 

18.1 

1.6 

17.2 

1.6 

19.6 

3.0 

19.0 

2.4 

18.5 

2.2 

18.0 

2.2 

20.3 

2.8 

18.9 

2.6 

U 

.20 

.05 

.22 

.05 

.20 

.04 

.24 

.08 

.24 

.06 

.21 

.05 

.20 

.04 

.20 

X* 

Pb 

2.2 

.5 

1.9 

.8 

2.8 

1.1 

2.6 

1 .4 

2.4 

1.2 

2.5 

1.2 

2.5 

.5 

2.5 

I.C 

La 

9.5 

1.1 

9.8 

.7 

9.2 

1 .2 

10.0 

1.6 

10.2 

1.5 

9.4 

1 .0 

8.7 

.4 

9.1 

.9 

Ce 

27.4 

2.8 

25.0 

1.9 

23-5 

39 

23-7 

4.6 

25.8 

4.7 

24.6 

2.3 

21.8 

2.2 

23.5 

2.6 

Nd 

18.0 

1 .4 

17.6 

1 -3 

17.0 

1.5 

15.8 

1 .8 

17.6 

2.2 

17.1 

1 .4 

16.7 

.5 

16.9 

1.1 

Sm 

4.8o 

.24 

4.59 

.19 

4.39 

.19 

*.67 

.52 

4.68 

.48 

4.b6 

.19 

4.45 

.26 

4.56 

.2*- 

bu 

1.79 

.08 

1 .69 

.12 

1.61 

.15 

1.70 

.21 

1.70 

.17 

1.73 

.10 

1.58 

.19 

1.67 

.15 

Dy 

5.4 

5.1 

.4 

5.3 

.8 

5.2 

.7 

5.2 

.6 

4.8 

1.7 

5.1 

.6 

5.3 

.6 

Kb 

2.15 

.20 

1.91 

.02 

2.03 

.U 

2.02 

.13 

1.98 

-13 

2.07 

.19 

2.00 

.10 

2.04 

.16 

Lu 

.29 

.03 

.25 

.01 

.27 

.01 

.26 

.01 

.28 

.03 

.27 

<.02 

.26 

<.02 

<.27 

<.02 

•Anottaioualy  low  values  or  K20  and  TiO,  (samples  ID-275-2  and  10-214-2)  omitted. 

'High  adjusted  value  of  2.89  PP«  (sample  ID-098-2)  omitted. 

'High  adjusted  value  of  39.0  ppR  (sample  idbd  M.)  omitted. 

*Two  negative  adjusted  values  (samples  TLW&7-84  and  TLn67_89)  omitted.  (See  text,  appendix  24.1). 
‘Anonaiousiy  low  adjusted  values  (<30  PP«)  (samples  TLW67-B* , C819,  »8(>8  ML)  omitted. 

‘Two  negative  adjusted  values  (samples  TLN67-61  and  TLN67-63)  omitted. 

’Two  negative  adjusted  values  (sanpies  C8t9  and  i8tiB  ML)  omitted. 

•Three  negative  adjusted  values  (samples  ILW67-M7A,  ID-275-2,  and  1D-214-2)  onltted. 

’Five  negative  adjusted  values  (saapies  TLN67-84,  65  MAN-1,  TLN67-117A,  ID-279-2,  and  1D-214-2)  omitted. 

‘•Four  negative  adjusted  values  (saoples  TLN67-09,  TLN67-6I , TLho7-63.  and  1868  ML)  omitted. 

“7he  negative  adjusted  value  for  saapie  TL467-79  omitted. 
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La  Ce  Pr  Nd  Pm  Sm  Eu  Gd  Tb  Dy  Ho  Er  Tm  Yb  Lu 
RARE-EARTH  ELEMENTS 

FlGURF-  24.11. — Chontirile-nornialuMj  imift  REE  tbuodwcn  tlwwing  dif 
fnrence  in  LREE  between  prehittonc  (PREHIST)  and  historical  (HISTOR) 
lava  of  Mauna  Loa  (see  table  24.20),  Data  of  Budahn  and  Schmitt  (1985,  table 

2)  demonstrate  a similar  systematic  difference. 


TABL.F  24,21 . — Arnos es  of  MgO-actjuiicd  mean  abundances  of  selected  iiKomfxti 
ble  ciementt  in  hukxical  /can  of  Mauna  Loa 

[Calruiated  fmm  data  nf  Khndr*  (1983.  labtr  IX  S.d  . atandvd  devialioo  Oxtdr  valaes  m 
wngM  pmnrt.  ukon  for  trace  dement*  m part*  per  endbon.  er  tot  aad  24.12  for 
ratmude  m gronping  erupt  mm) 


Average  of  5 

Average  of  1 1 

pre-1870 

eruptions' 

post-1870 

eruptions* 

Moan 

S.d. 

Mean 

S.d. 

K-,0 

0.43 

0.02 

oTIE 

0.02 

no. 

2.13 

.02 

2.06 

-03 

.26 

.01 

.23 

.01 

M0 

10.5 

.2 

9.4 

.2 

Zr 

1 40 

5 

131 

4 

Sr 

350 

16 

309 

10 

‘Total  or  31  analyses  for  the  following  eruptions:  184  j, 

18^2,  1855.  1859,  and  1868  (see  Hhodes,  1983.  for  the  Indi- 


vidual a«ans  and  standard  deviations  of  tnece  and  tne  erup- 
tions listed  below). 

'Total  of  83  analyses  for  the  following  eruptions:  1880,  i 

1887,  1899,  1907,  1916,  1926,  1935.  1942,  1949,  1950,  and  1975., 


July  1968.  It  is  beyond  the  scope  of  this  paper  to  review  the  various 
petrogenetic  models  proposed  for  Hawaiian  tholeiite  in  the  light  of  | 
the  possible  space-time-composition  relations  suggested  by  our  re-  i 
connaissance  study.  It  is  clear,  however,  that  any  complete  model 
involving  partial  melting  and  fractionation  must  reconcile  not  only 
the  compositional  differences  between  Mauna  Loa  and  Kilauea 
lava,  but  also  the  time-space  chemical  variations  within  the  lava  of 
each  volcano. 


LONG-TERM  AND  SHORT-TERM  VARIATIONS 

Differences  in  MgO- adjusted  composition  within  the  summit 
(olivine-controlled)  lava  are  interpreted  to  represent  chemically 
distinct  batches  of  magma  derived  from  a source,  or  sources,  whose 
composition  evolves  with  time.  A long-term  secular  major-element 
variation  for  Kilauea  lava,  on  the  scale  of  centuries  to  millenia,  has 
been  well  documented  by  Wright  (1971,  p.  29),  who  showed  that 
younger  lava  becomes  progressively  “richer  in  the  olivine- incompati- 
ble constituents  (K2Ot  P2Os.  Tr02)"  with  time.  The  results  of  this 
study,  as  well  as  those  of  other  recent  studies  (for  example, 
Casadevali  and  Dzurisin,  chapter  13;  Easton  and  Garcia,  I960; 
Budahn  and  Schmitt,  1985)  show  that  long-term  temporal  varia- 
tions are  also  evident  in  trace-element  abundance  patterns. 

Superimposed  on  this  long-term  temporal  variation  for  Kilauea 
lava  are  shorter  term  (years  to  decades)  variations,  as  shown  by  the 
chemically  distinct  MgO- adjusted  lava  compositions  for  five  summit 
eruptions,  including  Kilauea  Iki,  during  the  1 6- year  period  from 
1952  to  1968  (Wight,  1971,  fig.  12)  An  excellent  recent  example 
of  short-term  compositional  variation  at  Kilauea  is  afforded  by  the 
olivine-controlled  lava  of  the  1969-74  Mauna  Ulu  eruption  (Tilling 
and  others,  chapter  16;  Swanson  and  others,  1979).  During  its  5- 
year  period,  this  eruption  produced  10  chemically  distinct  variants, 
interpreted  by  Wright  and  others  (1975)  and  Wright  and  Tilling 
(1980)  to  represent  new  magma  batches  entering  Kilauea  s storage 
reservoir.  Hoffman  and  others  (1984)  confirmed  the  short-term 
secular  compositional  variation  in  the  Mauna  Ulu  lava,  defined  by 
“monotonic  decrease"  in  the  abundances  of  certain  elements,  but 
interpreted  it  in  terms  of  an  equilibrium  partial  melting  model  not 
requiring  magma  batches.  The  major-element  composition  of  the 
Mauna  Ulu  lava  appears  to  show  at  least  a short-term  reversal  of  the 
long-term  secular  variation  at  Kilauea  (Wight  and  others,  1975). 
Whether  this  change  represents  a permanent  departure  from  the 
overall  trend  remains  to  be  tested  by  systematic  evaluation  of  the 
chemistry  of  lava  erupted  at  Kilauea  since  June  1974. 

Possible  short-term  secular  variations,  as  expressed  by  com- 
positional changes  with  small  differences  in  stratigraphic  position, 
also  are  apparent  in  recent  studies  on  prehistoric  Kilauea  lava 
(Casadevali  and  Dzurisin,  chapter  13;  Easton  and  Garcia,  1980), 
but  it  is  not  possible  to  place  precise  tune  constraints  on  these 
samples.  However,  from  detailed  data  on  20th-century  olivine- 
controlled  Kilauea  lava,  particularly  from  the  Mauna  Ulu  eruption, 
we  know  that  significant  changes,  not  explainable  by  olivine  control, 
can  occur  on  a time  scale  of  a year  or  less. 

Perhaps  the  most  significant  conclusions  from  this  reconnais- 
sance study  are  that:  (I)  Mauna  Loa  lava,  like  Kilauea  lava,  shows 
long-term  secular  variation  in  composition;  and  (2)  the  trends  of  such 
variation  for  the  two  volcanoes  diverge,  providing  additional  evi- 
dence that  their  magmatic  systems  operate  independently.  The  focus 
and  sampling  of  our  study  were  not  intended  to  identify  possible 
short-term  variations  in  the  MgO-adjusted  olivine-controlled  Mauna 
Loa  lava.  However,  we  believe  that  the  comprehensive  data  of 
Rhodes  (I983X  in  addition  to  confirming  our  suggestion  of  secular 
variation  between  the  19th  century  and  20th-century  lava,  also 
provides  good  evidence  of  short-term  variation  on  a time  scale  as 
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RARE-EARTH  ELEMENTS 


Figure  24. 13. — Difference  in  MgO-«d)usted  *ver*ge  REE  abuncLuxes  between  Kilauea  (KJLX  including  Maun*  Ulu  (MUX  and  Mauna  Loa  (ML)  lava  samples.  A, 
Data  of  thu  paper.  B,  Previously  published  data:  KILAVG1  and  MLAVG  I (Basaltic  Volcaiusm  Study  Propel.  1961 );  KILAVG2  MLAVG2,  and  MUAVG-L 
(Lteman  and  others.  1960);  MUAVG-H  (Hoffman  and  others.  I964X  See  also  figure  24.4  for  data  of  Budahn  and  Sdunatt  (1965)  showing  composition*]  distinction 
between  Mauna  Loa  and  Kdaoea. 


small  as  one  year  (fig.  24.12;  Rhodes  and  others,  1982;  Rhodes, 
1983).  Although  the  variations  shown  in  figure  24. 12  may  in  some 
instances  be  within  analytical  uncertainty,  the  nonrandom  nature  of 
the  variations  and  the  remarkable  conformity  of  the  trends  convince 
us  that  the  differences  shown  are  real.  Rhodes  and  others  (1982, 
abstract  43)  labeled  the  compositional  changes  observed  for  histor- 
ical Mauna  Loa  lava,  including  the  “sudden  drop  between  1868  and 
1880,"  as  “episodic”  variations.  However,  we  interpret  these  com- 
positional variations  (fig.  24. 1 2)  as  a segment  of  a long-term  secular 
trend  of  decreasing  abundances  of  the  incompatible  elements  consid-  i 
ered.  This  trend  was  abruptly  disrupted  by  the  processes  accom-  | 
panytng  or  immediately  following  the  1868  eruption,  but  a gradual 
recovery  afterward  reestablished  conformance  with  the  general 
trend. 

Some  observations  concerning  the  1 868  eruption  are  pertinent 
and  might  bear  on  the  sharp  compositional  break.  Some  of  the  lava 
from  the  1868  eruption  is  picritic — containing  as  much  as  50 
percent  olivine  phenocrysts — and  has  the  highest  mean  MgO  i 
content  (17.69  weight  percent)  of  any  historical  Mauna  Loa  lava  | 
(Rhodes,  1983,  table  1}  This  eruption  began  at  Mauna  Loa 
summit  on  March  27,  1868,  and  initially  produced  lava  of  moderate 
MgO  content  (-9  percent,  according  to  Rhodes,  1 983).  On  April 
2,  a catastrophic  earthquake  struck  the  Island  of  Hawaii;  this 
earthquake  was  the  largest  historical  earthquake  in  Hawaii  and 
estimated  to  be  greater  than  the  magnitude- 7.2  event  at  Kalapana 
on  November  29,  1975  (Tilling  and  others,  1976).  The  1868 


eruptive  activity  shifted  to  the  southwest  rift  zone  on  April  7,  and 
picritic  lava  began  to  be  erupted  from  a 5- km -long  fissure,  marking 
the  first  major  historical  activity  in  Mauna  Loas  southwest  rift  zone. 
As  noted  by  Upman  (1980,  p.  709X  the  eruptive  fissure  was 
localized  at  the  lowest  elevation  of  any  historical  vent  (600-900  m) 
in  a segment  of  the  southwest  rift  where  “no  large  eruption  appears 
to  have  occurred  for  several  thousand  years  previously.  ” Lipman  (p. 
709)  suggests  that  the  earthquake,  apparently  centered  along  the 
southeast  Bank  of  Mauna  Loa,  “may  have  been  signiheant  in  opening 
up  a lower  part  of  the  rift  zone  from  which  access  of  magma  had 
previously  been  blocked  for  a long  time.” 

The  eruption,  which  ended  on  April  1 1.  1868,  is  interpreted 
to  have  successively  tapped  first  the  upper  (olivine-poor)  and  then 
the  lower  (divine-rich)  part  of  a zoned  magma  reservoir  developed 
by  olivine  settling  (Lipman,  1980).  We  further  suggest  that  the  1868 
earthquake  may  have  caused  a sudden,  drastic  change  in  Mauna 
Loas  magma  regime,  as  expressed  by  the  abrupt  compositional 
discontinuity  and  decades-long  subsequent  recovery  in  the  long-term 
secular  variation  trend  for  Mauna  Loa  lava  (fig.  24. 12).  Lockwood 
and  Lipman  (chapter  18,  fig.  18.7)  show  that  the  average  lava- 
production  rate  for  Mauna  Loa  after  1877  was  less  than  half  that 
before  1877  and  note  that  this  marked  change  coincides  with  the 
compositional  shift  in  historical  lava  (Rhodes  and  others,  1982). 
Lockwood  and  Lipman  (chapter  18)  also,  independently  from  our 
study,  suggest  that  this  change  in  rate  and  composition  might  be 
related  to  the  1868  earthquake. 
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The  apparent  coincidence  between  the  compositional  break, 
the  change  in  lava -production  rate,  and  the  catastrophic  1868 
earthquake  may  be  purely  fortuitous,  but  we  speculate  that  these 
phenomena  are  at  least  indirectly  related.  If  so,  it  would  be  of  j 
interest  to  determine  whether  a similar  compositional  break  might  | 
exist  for  Kilauea  lava,  in  view  of  the  fact  that  the  1 868  earthquake  I 
also  apparently  triggered,  on  the  same  day,  (I)  a brief  eruptive  I 
outbreak  at  Kilauea  Iki;  (2)  extrusion  of  a small  amount  of  lava  in 
the  southwest  rift  zone  about  15  km  from  the  summit;  and  (3) 
approximately  100  m of  subsidence  of  the  floor  of  Kilauea  caldera, 
without  affecting  the  ongoing  lava-lake  activity  at  Halemaumau 
(Tilling  and  others.  1976;  Lipman,  1980)  A major  change  in 
Kilauea  magma  regime  related  to  the  1975  Kalapana  earthquake 
(magnitude  7.2)  has  been  well  documented  (Dzurisin  and  others, 
1981,  I984)l  Moreover,  a much  lower  energy  (magnitude  6.2) 
earthquake  in  April  1973  ts  interpreted  to  have  caused  substantial 
disruption  in  the  magma  conduit  system  during  the  1972-74  Mauna 
Uhi  eruption  (Tiling  and  others,  chapter  I6X  but  the  possibility  that 
the  1973  and  1975  earthquakes  might  also  coincide  with  detectable 
compositional  changes  in  Kilauea  lavas  erupted  since  1971  has  not 
been  evaluated. 

DIRECTIONS  FOR  FUTURE  STUDIES 

This  reconnaissance  study  clearly  needs  to  be  followed  by  more  i 
quantitative  studies  to  confirm,  refine,  or  reject  our  preliminary  i 
findings.  Subsequent  investigations  ought  to  include,  though  not  be 
limited  to,  the  following. 

PRECISE  AND  ACCURATE  DETERMINATIONS  OF 
ADDITIONAL  TRACE  ELEMENTS 

The  tentative  conclusions  we  reached  in  this  study  are  based 
primarily  on  analytical  data  for  the  well  determined  oil  vine- incom- 
patible elements  (K.  Ti,  P,  Sc,  Hf,  U,  and  the  REEX  although 
some  of  the  less  well  determined  elements  provide  permissive  evi- 
dence. It  would  be  important  to  test  our  findings  with  comparably 
wdl  determined  abundances  of  other  selected  key  incompatible 
elements,  ideally  in  the  same  rock  powders  (to  minimize  effects  of 
possible  sample  inhomogeneity)  that  we  have  analyzed.  Some  of  the 
other  key  incompatible  elements  that  should  be  investigated  include 
Rb,  Cs,  Sr,  Ba,  Zr,  Nb,  Ta,  and  Th.  In  addition,  the  abundances 
of  Ir,  Au,  and  Ag  in  volcanic  rocks,  which  can  be  precisely  and 
accurately  determined  at  concentrations  of  less  than  one  part  per 
billion,  have  been  shown  to  be  highly  sensitive  to  differentiation 
processes  as  well  as  source-area  effects  (see,  for  example,  Gottfried 
and  Greenland,  1972;  Bomhorst  and  others.  1984)  Thus,  sys- 
tematic studies  of  Au,  Ag,  and  the  platinum  metals,  as  well  as 
studies  of  Cu  and  S to  assess  the  effect  of  possible  immiscible  sulfide 
melt  in  tholeiite  magma  (for  example,  Skinner  and  Peck,  1969;  | 
Moore  and  Fabbi,  1971;  Gottfried,  1983)  should  provide  impor- 
tant trace-element  data  to  complement  the  already  abundant  data  for 
incompatible  elements. 


QUANTITATIVE  OLIVINE-CONTROL  LINES  FOR  SELECTED 
ELEMENTS 

Excellent  olivine-control  lines  are  available  for  the  major 
elements  of  interest,  but  the  limited  data  of  Rhodes  (1983)  and 
Gunn  (1971)  are  the  only  systematic  analytical  data  for  both  olivine- 
compatible  and  olivine -incompatible  trace  elements  available  in  the 
published  literature.  Such  studies  should  include  as  a critical  compo- 
nent the  analysis  of  olivine  (and  included  chromite)  mineral  sepa- 
rates, preferably  from  the  lava  analyzed;  however,  even  analysis  of 
unrelated,  but  more  easily  concentrated,  olivine  separates  of  com- 
parable bulk  compositions  could  at  least  provide  some  general 
compositional  constraints.  Lava  suites  from  the  1959  Kilauea  Iki 
eruption,  or  from  the  1868  Mauna  Loa  eruption,  would  serve  as 
ideal  samples  for  initial  detailed  analytical  studies  to  establish 
quantitative  olivine-control  lines  for  key  trace  elements.  It  is  antici- 
pated that,  with  sufficiently  precise  determinations  of  olivine-com- 
patible trace  elements,  several  olivine-control  lines  could  be  defined 
for  the  various  groupings  of  Mauna  Loa  lava,  rather  than  only  the 
one  determined  for  the  historical  Lava;  in  contrast,  four  separate 
control  lines  have  already  been  determined  for  Kilauea  lava  in  terms 
of  major  elements  alone  (Wight,  1971,  table  3X 

SYSTEMATIC  STUDY  OF  PREHISTORIC  LAVA  SUITES 

Studies  in  recent  years  have  greatly  improved  our  understand- 
ing of  the  chronology  and  distribution  of  the  prehistoric  lava  of 
Kilauea  and  Mauna  Loa  (for  example,  Lockwood  and  Lipman, 

I chapter  18;  Holcomb,  I960,  1981;  Lipman,  1980a,  b;  Moore, 
1983;  Lipman  and  Swenson,  1984)  Systematic  geochemical  studies 
of  these  rocks  now  can  be  interpreted  in  a fairly  well  understood 
space  and  time  framework.  An  obvious  objective  of  further  studies 
would  be  to  detect  temporal  and  spatial  patterns  that  would  better 
define  longer  term  variation  trends.  Another  important  objective 
would  be  to  determine  how  long  the  chemical  distinction  between 
Mauna  Loa  and  Kilauea  has  been  in  existence.  Available  data 
suggest  that  the  distinction  has  existed  for  more  than  30,000  years 
(Rhodes  and  Lipman,  1979;  Easton  and  Garcia,  1980) 

SYSTEMATIC  STUDY  OF  DIFFERENTIATED  AND  HYBRID 
LAVAS 

The  acquisition  of  precise  data  to  establish  quantitative  control 
lines  for  olivine-controlled  lava  would  make  it  possible  to  apply 
trace-element  constraints  to  lava  whose  composition  is  determined  by 
other  major  liquidus  phases  (dinopyroxene,  orthopyroxene,  and 
plagioclase)  in  addition  to,  or  instead  of.  olivine.  Once  variation 
patterns  are  well  defined  for  both  olivine-controlled  and  differenti- 
ated lava,  then  trace-element  abundances  can  be  incorporated  to 
provide  additional  variables  in  mixing  calculations  to  determine  the 
lineage  of  hybrid  lavas.  Such  studies  would  extend  the  work  of 
Wright  and  Fiske  (1971)  and  serve  to  lest  their  models  based  on 
major-element  variations  alone. 
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DEVELOPMENT  OF  COMPLETE  PETROGENETIC  MODELS  FOR 
HAWAIIAN  THOLEUTE 

Most  proposed  models  for  the  generation,  transport,  storage, 
and  eruption  of  Hawaiian  basalt  are  incomplete  because  they  do  not 
fully  take  into  account  both  the  long-term  and  the  short-term  secular 
variations  in  composition  of  the  erupted  lava.  The  preliminary  results 
of  this  study,  we  believe,  are  compatible  with  the  earlier  conclusion 
of  Wnght  (1971 ) that  both  the  long-term  and  short-term  variations  in 
the  MgO- adjusted  composition  of  olivine-controlled  lava  reflect 
high-pressure  fractionation  processes  that  occur  before  storage  in 
shallow  magma  reservoirs.  However,  if  our  speculations  concerning 
the  1868  eruption  and  earthquake  are  valid,  then  the  possibility  that 
some  short-term  variations  are  produced  by  other  processes  cannot 
be  entirely  discounted. 


We  suggest  that  such  complex  secular  chemical  variation 
requires  the  magma  source  region(s)  to  be  heterogeneous  and 
possibly  compositionally  zoned  laterally  and  vertically.  Assuming 


divergence  of  long-term  variation  trends  for  Kilauca  and  Mauna 
Loa,  withstand  the  test  of  more  data,  we  recommend  that  future 
petrogenetic  models  for  Hawaiian  basaltic  volcanism  incorporate 
such  secular  variations  to  furnish  additional  model  constraints. 
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APPENDIX  24.1 

PROCEDURE  TO  ADJUST  ANALYSES  TO  MfO  7.00 
WEIGHT  PERCENT  FOR  OLIVINE-CONTROLLED  LAVA 

The  procedure  for  this  adjustment  will  be  outlined  briefly  here. 
In  it,  we  accept  the  average  compositions  of  olivine  (plus  chromite) 
to  be  added  or  removed  previously  used  by  Wight  (1971).  For 
Kilauea  lava,  we  use  an  olivine  composition  of  Fo^,  ^ for  Mauna 
Loa  lava,  Foo7  (table  24.22)  Fhe  major  elements  in  these 
average  olivines  are  fairly  well  constrained,  but  their  trace  elements 
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TABLE  24.22. — AiwmeJ  tm.*erage  compandor u of  oikMne  (p ha  chromik)  a ted  k> 
adjust  MgO  to  7.00  ukight  percent  for  olrCme  controlled  Umxs  of  Kilajca 

(KAVOL)  and  Mnna  Loa  (MLAVOL) 

[KAVOL.avcraar  corapoutu*  of  obvm  1*1.8  peri  oil  chromite}  that  control*  compoaiUoa  of 
1939  Kilfi  Iki  Ur*..  MLAVOl^  r*a*|t  cempouticm  el  nitrate  { ♦ 1.5  peremt  chroande) 
that  (oatroh  coapowOun  <J  hatoncai  Row*  of  Manna  Loa  Oudr  vaktn  (m  weight  percent) 
are  from  Wight  (1971.  table  IS);  A1*0,  primarily  rrinrt*  a*rh  in> hwam  of  ehroortr  Iratr- 
fiement  valuea  (m  part*  per  laJkoa)  tram  rrjpmia»-frpnt*m  ratimatr*  of:  G.  Cam  1971, 
tabir  l.  R.  Khode*.  1983.  h«  I] 


KAVOL 

MLAVOL 

(Fo86.2J 

<Fo87.5) 

sto2 

“A 

"FeCT 

39.48 

39.70 

1.17 

.98 

13.23 

12.08 

MgO 

45.51 

46.60 

CaO 

.39 

.39 

Na20 

.00 

.00 

k2o 

.00 

.00 

t!o2 

.04 

.03 

p2°5 

.00 

,00 

MnO* 

.22 

.22 

V 

38  R 

3 R 

Cr 

2,840  C 

2,990  R 

Co 

190  G 

190  G 

Ni 

2,430  C 

2,465  R 

Cu 

5 G 

5 G 

Zn 

97  G 

94  G 

arc  not.  For  the  elements  V,  Cr,  Co,  Ni,  Cu,  and  Zn,  we  use  the 
regression-equation  estimates  from  the  oil  vine -control  lines  (Gunn, 
1971;  Rhodes,  1983);  we  assume  the  other  trace  elements  to  be 
present  in  negligibly  small  amounts  or  absent  in  olivine.  However, 
even  using  significantly  different  assumed  olivine  compositions  causes 
minima]  effect  on  the  derived  adjusted  values  for  incompatible 
elements  and  the  relative  differences  between  them. 

The  most  convenient  way  to  calculate  the  MgO-adjusted 
average  composition  of  a group  of  related  lava  samples  is  to  simply 
compute  the  mean  and  then  adjust  it  to  the  desired  MgO  content. 


We  chose,  however,  to  adjust  each  individual  analysis  and  then 
compute  the  mean  and  standard  deviation.  A comparison  of  these 
two  adjustment  procedures  (table  24.23),  using  the  data  set  showing 
the  greatest  range  in  MgO  content  (6.87  to  24.25  percent)  of  the 
lavas  we  studied,  illustrates  the  following; 

( 1 ) The  two  mean  compositions  obtained  are  similar  except  for 
some  of  the  transition  elements,  particularly  Ni,  which  is  compatible 
with  olivine,  and  Cr,  which  is  included  in  chromite.  The  significant 
differences  in  the  computed  mean  values  for  Cr  and  Ni,  however, 
suggest  that  the  assumed  concentrations  of  these  elements  in  the 
olivine  (table  24.22)  used  in  the  MgO  adjustment  are  too  high  and 
(or)  that  the  INAA  and  ES  determinations  of  these  elements  are 
biased  to  low  values  in  high- MgO  (picritic)  lava.  In  other  words, 
the  slope  of  the  olivine-control  line  used  in  the  adjustment  procedure 
appears  to  be  loo  sleep  for  Cr  and  Ni. 

In  the  comparison  of  procedures  (table  24.23X  MgO  adjust' 
ment  after  the  calculation  of  the  mean  occasionally  results  in  negative 
adjusted  values  of  Ni.  Such  negative  averages  are  avoided  by 
adjusting  the  individual  analyses  prior  to  compulation  of  the  mean; 
specific  samples  that  yield  negative  adjusted  values  can  then  be 
identified  and  omitted  from  the  mean.  In  general,  lava  that  contains 
about  10  weight  percent  or  more  MgO  yields  negative  adjusted 
values  for  Ni  and,  more  rarely,  Cr.  Quantitative  trace-element  data 
are  needed  before  the  problem  with  the  MgO  adjustment  of 
compatible  elements  in  olivine-controlled  lava  can  be  resolved. 
Thus,  in  this  study,  we  emphasize  the  variations  tn  the  olivine- 
incompatible  elements  (assumed  to  be  negligible  or  absent  in  olivine) 
after  MgO  adjustment,  because  their  relative  differences  between 
samples  or  lava  suites  remain  valid  despite  the  adjustment  pro- 
cedure. 

(2)  As  expected,  computing  the  average  after  adjustment  of 
individual  analyses  substantially  reduced  the  standard  deviations  of 
the  means  of  the  trace  elements  determined  with  relatively  good 
precision  (for  example.  Sc,  V,  Cr,  Co,  Ni,  Ga,  Hf,  Eu,  Sm)  that 
show  good  linear  correlation  with  MgO  (see  figs.  24.4,  24.5, 
24. 1 OX  For  the  elements  that  show  wide  scatter  in  the  MgO- 
variation  diagrams,  their  standard  deviations  remain  large  regardless 
of  the  adjustment  procedure  used. 
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Tabu:  24.23.  -Companion  of  composition i of  olivine  controlled  lava  of  Mauno  Loo's  soathux tl  rift  zone  (tee  table  24.17)  after  adjustment  to 
7 .00  weight  percent  MgO  by  two  different  methods 

(MLAVOL  civil*  (oapautian  (Fo*,  ,)  ewd  for  •^artmenl;  oxide  vxiurt  m wn«bt  percent;  rak**  for  dement*  in  part*  per  rodkem] 


Adjustment  after  calculation 
of  average 

Adjustment  of  individual  analyses  before 
calculation  of  average 

Range 

Average 

(n  - 9) 

Standard  Adjusted  Range 

deviation  average 

Average 

(n  - 9) 

Standard 

deviation 

MgO 

6.87-2*1.25 

12.04 

7.01 

7.00 

7.00 

0.0 

k2o 

.26-. 41 

.3** 

.05 

.39 

■33-.50 

.40 

.05 

‘Rb 

5.7-19.4 

11.5 

6.4 

13.2 

6.0-30.5 

15.7 

10.4 

Cs 

.10-  .54 

.27 

.16 

.31 

.10-. 96 

.36 

.32 

‘Sr 

177-426 

292 

84 

33*1 

188-507 

3**6 

112 

Ba 

48-174 

105 

44 

120 

57-186 

120 

47 

Sc 

17.7-31.0 

27.0 

4.7 

30.9 

29.7-36.0 

3K2 

1.9 

V 

202-362 

299 

54 

337 

272-363 

324 

26 

Cr 

202- 1 250 

507 

364 

145 

211-241 

228 

11 

Co 

42.8-95.7 

58.9 

21  .4 

39.8 

22.9-46.8 

38.7 

8.3 

Ni 

82-846 

228 

259 

*(98) 

39-96 

*72 

25.3 

•Cu 

40.0-54.6 

49.3 

5.5 

55.8 

**3.0-86.0 

55.3 

13.5 

Ho 

3. 8-5.0 

4.5 

0.4 

5.2 

3. 8-6. 9 

5.0 

.9 

Zn 

10*1-1  H8 

120 

14 

138 

104-151 

123 

14 

Ga 

8.6-20.7 

16.8 

4.0 

19.2 

14.5-20.7 

18.2 

2.1 

‘Zr 

74-185 

144 

32 

165 

75-245 

172 

49 

Hf 

2.0-3. 6 

2.8 

.6 

3.2 

2. 8-3.6 

3.2 

.3 

‘Nb 

2. 2-7. 3 

4.8 

1 .5 

5.5 

3. 8-7. 3 

5.2 

1 .4 

‘Ta 

.30-. 57 

.41 

.09 

.47 

.30-. 80 

.49 

.16 

Y 

8.5-23.9 

18.1 

4.8 

20.7 

14.7-24.0 

19.6 

3.0 

‘Th 

.6-2.7 

1,0 

.7 

1.1 

.6-4.8 

1.3 

1.3 

U 

.15-0.25 

.18 

.04 

.21 

.15-. 27 

.20 

.04 

Pb 

1. 5-3.1 

2.4 

.5 

2.B 

1.8-5. 2 

2.6 

1.1 

‘Sb 

.10-. 18 

.14 

.04 

.16 

.10-. 31 

.19 

.11 

La 

5. 7-9. 3 

7.8 

1.2 

8.9 

7.9-11.9 

9.2 

1.2 

Ce 

12.5-24.4 

20.2 

3-6 

23.1 

18.8-32.2 

23.5 

3.9 

Nd 

9.5-16.8 

14.5 

2.6 

16.6 

15.5-20 .2 

17.0 

1.5 

Stt 

2.67-4.44 

3.95 

.64 

**.53 

4.20-4.61 

4.39 

.19 

Eu 

.99-1.69 

1.39 

.26 

1.59 

1. 33-1. 81 

1 .61 

.15 

‘Gd 

3.21-6.00 

4.79 

I .19 

5.49 

4.05-6.34 

5.58 

.73 

'Tb 

.36-, 67 

.55 

.11 

.63 

.55-. 68 

.61 

.06 

By 

2. 9-6. 5 

4.6 

1 .2 

5.3 

4. 3-6. 8 

5.27 

.75 

'Tn 

.12-. 59 

.38 

.17 

.44 

.12-. 69 

.47 

.21 

Yb 

1 .21-2.02 

1 .76 

.33 

2.02 

1 .74-2.24 

2.03 

.14 

■Lu 

.15-. 29 

.25 

.05 

.29 

.25-. 29 

.27 

.01 

’Not  listed  in  individual  analyses. 

'Negative  adjusted  value  (see  text  for  discussion). 

’Three  negative  adjusted  values  for  individual  analyses  onitted. 
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DIVERSE  OLIVINE  TYPES  IN  LAVA  OF  THE  1959  ERUPTION  OF  KILAUEA 
VOLCANO  AND  THEIR  BEARING  ON  ERUPTION  DYNAMICS 

By  Rosalind  Tuthill  Helz 


ABSTRACT 

The  lava  of  the  1959  eruption  of  Kilauea  Volcano,  con- 
taining about  20  weight  percent  olivine,  it  the  only  picritic  lava 
erupted  in  the  summit  area  in  historical  time.  The  olivine 
population  can  be  divided  into  several  distinct  classes:  (1) 
irregular,  blocky  crystals  (1-12  mm  long),  many  of  which 
contain  multiple  planar  extinction  discontinuities,  which  appear 
to  be  deformation  features;  (2)  euhedral  or  skeletal  crystals 
(0.5—5  mm  long);  (3)  round  or  otherwise  strongly  resorbed 
grains;  (4)  angular  or  conchoidal  fragments;  and  (5)  subhedral 
crystals  containing  sulfide- bearing  inclusions.  Also  present  are 
dumtic  aggregates,  some  with  deformed  or  annealed  textures, 
and  rare  olivine  megacrysts. 

Olivine  in  drill  core  from  Kilauea  Iki  lava  lake,  quenched  as 
much  as  22  years  after  the  eruption,  has  the  same  petrographic 
features  seen  in  eruption  samples  or  early  lake  samples.  In 
particular,  the  deformation  features  in  olivine  have  survived  22 
years  at  1,140-1,190  X. 

Olivine  phenocrysts  in  samples  of  eruption  pumice  have 
core  compositions  of  Fog3J_afc7  and  contain  0.10-0.25  weight 
percent  NiO.  Zoning  is  moderate  ( r 3 percent  Fo  within  most 
crystals);  normally  and  reversely  zoned  crystals  are  about 
equally  abundant.  There  is  no  correlation  between  petrographic 
class  and  core  composition  or  style  of  zoning.  This  variable  but 
moderate  zoning  seen  in  olivines  in  the  eruption  pumices  is  not 
preserved  in  olivines  in  drill  core  from  the  lake.  Lake  olivine  is 
all  normally  zoned,  varying  by  5 percent  Fo  or  more,  and 
appears  to  have  re-equilibrated  with  the  melt  during  slow  cool- 
ing. 

The  eruption  samples  are,  for  the  most  part,  poorly  equili- 
brated. Disequilibrium  features  observed  include:  (1)  composi- 
tional heterogeneity  in  glasses  (away  from  olivines);  (2) 
presence  of  a boundary  layer  of  MgO-poor  glass  near  30  per- 
cent of  the  olivine  grains  analyzed;  (3)  widespread  occurrence 
of  partially  resorbed  olivines,  in  all  classes;  (4)  presence  of 
reversely  zoned,  unzoned  and  (or)  normally  zoned  olivines  in 
the  same  thin  section;  (5)  presence  of  olivines  of  very  different 
core  compositions  in  the  same  section;  and  (6)  presence  of 
olivines  of  different  rim  compositions  in  the  same  section. 
These  features  appear  to  record  mixing  immediately  before  or 
during  the  eruption.  In  particular,  the  resorption  of  olivine,  seen 
in  grains  of  all  classes,  at  all  but  the  earliest  stages  of  the 
eruption,  is  interpreted  as  resulting  from  mixing  of  thermally 
disparate  magmas,  in  which  the  hotter  component  was  domi- 
nant. 

Many  aspects  of  this  eruption  are  unusual  for  a Kilauean 
summit  eruption,  including:  (1)  High  olivine  content;  (2)  very 
magnesian  glasses,  recording  high  eruption  temperatures;  (3) 
the  presence  of  deformed  olivine,  as  single  grains  or  in  aggre- 
gates, like  that  commonly  found  in  Hawaiian  alkalic  rocks;  (4) 
occurrence  of  rare  olivine  megacrysts;  (5)  presence  of  olivine 


with  sulfide-bearing  inclusions;  and,  perhaps,  (6)  presence  of 
reversely  zoned  olivines.  These  features  can  be  explained  by  a 
model  in  which  one  of  the  two  mixing  components  of  the 
eruption,  previously  defined  by  Wright  (1973),  came  directly 
from  the  mantle,  without  being  stored  for  a significant  time  in 
the  shallow  summit  reservoir.  The  lava  component  erupted  from 
the  east  end  of  the  initial  fissure  appears  to  represent  this 
juvenile  component.  The  ascent  rate  of  this  component  from  its 
source  at  a depth  of  45—60  km  is  estimated  to  be  0.6-0.8  cm's. 
This  rate  is  sufficient  to  entrain  the  largest  olivine  grains  and 
dunitic  aggregates  found  in  the  1959  lavas. 


INTRODUCTION  AND  HISTORICAL 
BACKGROUND 

The  1959  summit  eruption  of  Kilauea  Volcano  was  unique  in 
the  history  of  the  Hawaiian  Volcano  Observatory  (HVO)  and  of 
Kilauea  in  that  it  was  the  first  major  eruption  for  which  most  of  the 
array  of  modern  volcano-monitoring  techniques  now  available  was 
used.  This  eruption  lasted  from  November  14  to  December  20, 
1959,  and  formed  a conspicuous  cinder  cone  (Puu  Puai)  and  a large 
lava  lake  in  Kilauea  Iki  pit  crater  (see  fig.  25.  U The  eruption 
consisted  of  seventeen  phases  of  high  fountaining  and  lava  output, 
separated  by  periods  of  quiescence,  during  which  some  of  the 
erupted  material  drained  from  the  lake  back  down  the  throat  of  the 
main  vent.  HVO  personnel  made  detailed  records  of  this  eruptive 
activity,  its  timing  and  patterns,  including  fountain  heights  and 
temperatures,  and  the  depth  of  filling  of  the  pit  crater.  The  pumice 
and  lava  were  then  studied  petrographically  and  chemically.  These 
results  were  published  in  a series  of  professional  papers  (Mur ala  and 
Richter,  1966a;  Richter  and  Murata,  1966;  Richter  and  others, 
1970)  that,  taken  together,  give  a very  detailed  picture  of  the 
eruption.  In  addition,  Kilauea  Volcano  had  been  monitored  sets 
mically  for  several  years  before  1959;  also,  summit  deformation 
before  and  during  the  eruption  was  monitored  using  the  tihmeter 
network  established  in  1957.  Descriptions  of  the  relationship 
between  earthquake  activity,  summit  deformation  and  the  1959-60 
eruptions  of  Kilauea,  by  Eaton  (1962)  and  Eaton  and  Murata 
(I960X  constituted  a quantum  jump  in  our  understanding  of  the 
physical  behavior  of  active  volcanoes. 

The  lava  lake  formed  during  the  1 959  summit  eruption  has  also 
been  much  studied.  The  upper  crust  of  the  lake  has  been  drilled 
repeatedly  (in  I960.  1961,  1962,  1967,  1975,  1976,  1979.  and 
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155*20'  155*15' 


Figure  25.1. — Index  map  of  the  lummil  are*  of  KiUura  Volcano.  showing  ihr 
local  ton  of  Kilauea  llu  lava  lake  and  the  1959  cinder  cone  relative  to  the  main 
caldera  and  the  upper  east  nft  rone  of  Kilauea. 


1981 X resulting  in  almost  1 ,200  m of  drill  core.  Richter  and  Moore 
(1966)  present  a detailed  petrographic  and  chemical  description  of 
the  1960-62  core.  Partial  data  on  petrography  and  (or)  chemistry 
for  the  drill  core  recovered  in  1967-1981  may  be  found  in  Helz 
(I980X  Luth  and  Gerlach  (I980X  Luth  and  others  (I98IX  Helz 
and  Wight  (I983X  Helz  and  others  (I984X  and  Helz  (I984X  The 
thermal  history  of  the  lake  has  also  been  monitored  from  the  earliest 
days;  Helz  and  Thornber  (in  press)  give  a partial  summary  of  that 
literature.  Lastly,  the  lake  has  been  the  object  of  several  geophysical 
investigations,  such  as  those  of  Zablocki  and  Tilling  (I976X  Chouet 
and  Aki  (1 98 IX  Hardee  and  others  (1981),  and  Hermance  and 

Colp  ( I982X 

The  1939  summit  lava  is  unique  in  several  respects,  the  most 
conspicuous  of  which  is  its  olivine  content:  it  is  the  only  picritic  basalt 
erupted  at  or  near  Kilauea  s summit  in  historical  tune.  I he  average 
MgO  content  of  the  eruption  pumice  was  estimated  by  Wright 
(1973)  to  be  15.43  percent  by  weight,  which  corresponds  to  about 
20  percent  by  weight  olivine  crystals.  Other  historical  eruptions  with 
comparable  olivine  content  have  occurred  on  the  rift  zones,  for 
example,  the  1840  east  rift  eruption  (sec  analyses  in  Macdonald. 
1944;  Wnght  and  Fiske.  197 1 ).  Other  young  summit  eruptions  have 
7.0-8. 5 percent  MgO  and  correspondingly  smaller  amounts  of 
phenocrystic  olivine  (Wright,  1971). 


Consequently,  the  eruption  pumice  and  the  1959  lava  lake 
contain  an  enormous  population  of  olivine  crystals,  occurring  smgi) 
and  in  aggregates.  This  paper  presents  the  results  of  a petrographic 
and  chemical  study  of  selected  olivine  crystals  and  aggregates,  both 
in  eruption  pumice  and  in  drill  core  from  the  lava  lake.  The  study 
supplements  earlier  work  on  the  eruption  (cited  above)  by  providing 
detailed  electron  microprobe  data  on  a large  suite  of  eruption 
samples.  A limited  amount  of  microprobe  data  on  the  1959  eruption 
pumices  has  already  been  published  (Lee man  and  Scheidegger. 
1977;  Harris  and  Anderson.  I983X  but  coverage  of  the  eruptive 
suite  was  very  incomplete. 
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SAMPLING  AND  ANALYTICAL  PROCEDURES 

SAMPLE  SELECTION 

The  1959  summit  eruption  consisted  of  17  distinct  phases 
These  phases,  and  the  variations  of  lake  level  with  time,  are 
described  in  detail  in  Murata  and  Richter  (1966a)  and  Richter  and 
others  (1970)  and  are  summarized  in  figure  25.2.  During  each 
phase,  eruptive  materials  were  sampled,  often  both  pumice  from  the 
fountain  and  Bow  material  from  the  edge  and  upper  crust  of  the  lava 
lake.  In  selecting  a subset  of  samples  for  this  study,  preference  was 
given  to  pumice  samples,  because  they  were  quenched  much  faster 
than  Bow  samples,  and  to  samples  previously  studied,  cspectalh 
those  for  which  a bulk  analysis  was  presented  in  Murata  and  Richter 
( 1 966X  The  collection  dates  of  samples  examined  petrographically  is 
indicated  by  the  dots  along  the  curve  in  figure  25.2.  Although 
samples  from  only  twelve  of  the  seventeen  phases  were  checked,  they 
are  fairly  evenly  distributed  in  time  throughout  the  eruption. 

In  addition  to  these  eruption  samples,  I have  examined  600  thin 
sections  of  drill  core  from  the  lava  lake.  The  drill-core  sections 
contain  all  the  types  of  olivine  seen  in  the  eruption  samples.  In 
addition,  I found  in  the  drill  core  two  olivine  megacrysts  and  a dozen 
dense  poly  crystalline  olivine  aggregates  of  distinctive  texture.  These 
unusual  aggregates  and  megacrysts,  of  types  not  seen  m the  eruption 
pumice,  are  the  only  lake  samples  that  will  be  discussed  in  detail  in 
this  paper. 
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Phate  1 2 3 4 5 7 8 910  15  17 


FlCURfc  25.2. — Volume  td  Kilaura  Iki  lara  lake  wtui*  time  (after  Richter  and 
Moore.  1966.  fig.  Decrease  in  lake  volume  at  the  end  of  each  phase  represents 
drawback  down  the  eruptive  vent.  Each  dot  corresponds  to  a sample  examined  in 
this  study.  Phases  represented  in  dus  study  are  numbered  along  the  tup  of  the 
diagram - 

PETROGRAPHIC  METHODS 

All  thin  sections  have  been  examined  in  transmitted  light.  All 
polished  sections  have  also  been  checked  in  reflected  light  to  verify 
the  identification  of  opaque  and  near-opaque  phases.  No  universal - 
stage  work  has  been  done. 

In  addition  to  the  thin-section  work,  the  drill  core  from  the  lake 
has  been  examined  macroscopically  in  detail,  with  emphasis  on  the 
st/e  and  distribution  of  olivine  phenocrysts.  Fhe  results  of  this  work 
arc  presented  in  Hclz  (1980),  Helz  and  Wright  (1983)  and  Helz 
and  others  (1984)  and  form  part  of  the  background  to  the  present 
paper. 

ANALYTICAL  METHODS 

Olivine  and  glass  analyses  were  obtained  using  an  ARL- 
SEMQ  nine- channel  electron  microprobe.  Operating  conditions 
were  an  accelerating  voltage  of  1 3 kV  and  a beam  current  of  0. 1 
|lA.  Natural  mafic  silicates  and  basaltic  glasses  were  used  as 
standards.  Counting  times  were  40  s for  most  major  elements,  20  s 
for  some  of  the  minor  elements  (Ti,  Cr,  P,  and  K in  glass;  Ni  and  Cr 
in  olivine).  All  data  were  reduced  using  a modified  Bence- Albee 
routine  (Bence  and  Albee,  1968:  Albrr  and  Ray,  1970).  In 
addition,  the  glass  analyses  were  renormalized,  using  a glass  of 
known  composition,  following  the  method  of  Melson  and  others 
(1976).  The  glass  selected  for  this  was  sample  69-1-22  from  the 
l%5  Makaopuhi  lava  lake  (Wright  and  Okamura,  1977)  ll»e 
revised  analysis  of  Jarosewich  and  others  (1979)  was  used  for  the 
renormalization  procedure.  This  process  eliminates  minor  day-to- 
day  variations  in  analyses  caused  by  slight  shifts  m the  instrument 
and  produces  a data  set  of  great  internal  precision.  The  accuracy  of 
the  analyses,  which  depends  on  the  uniformity  of  the  standards,  the 
accuracy  of  the  standard  analyses,  and  of  the  Bence- Albee  correc- 


tions, is  not  affected  by  the  renormalization  procedure.  All  analyses 
reported  correspond  to  the  composition  of  a single  point  unless  the 
number  of  points  included  is  specified. 

CLASSIFICATION  OF  OLIVINES 

The  olivine  in  the  lava  of  the  1959  Kilauea  eruption  is  not  only 
abundant  but  quite  varied  petrographically.  The  earliest  description 
is  that  of  Richter  and  Murata  (1966)  who  described  three  classes  of 
olivine:  euhedral,  rounded,  and  skeletal.  The  euhedral  and  skeletal 
olivine  they  reported  to  be  fairly  iron-rich  (Foa2X  whereas  the 
larger,  blocky  grains  with  rounded  comers  were  more  magnesian 
(F°a7_aa)  I*hc  compositions  were  determined  by  X-ray  techniques. 
Richter  and  Murala  further  remarked  that  the  larger,  rounded 
grains  were  obviously  out  of  equilibrium  with  their  present  host 
liquid  just  before  quenching,  whereas  the  more  iron-rich  euhedral 
grains  appeared  to  have  the  equilibrium  olivine  composition. 

Based  on  examination  of  drill  core  from  the  lake,  I lelz  (1980) 
divided  the  olivine  phenocryst  population  m the  lake  into  two 
groups.  Type  1 were  large,  blocky  crystals,  the  overall  form  of 
which  was  irregular.  These  commonly,  but  not  always,  contain 
multiple  planar  extinction  discontinuities,  bounding  kink-bands,  or 
subgrams  with  rectangular  boundaries;  similar  features  have  been 
described  by  Kirby  and  Green  ( 1 980)  in  olivine  in  dumte  xenoliths 
from  Hualalai  Volcano.  Type  2 grains,  in  this  classification,  were 
smaller,  euhedral  olivines,  which  were  free  of  deformation  features. 
Type  2 olivine  is  more  abundant  than  type  I by  a ratio  of  roughly 
5:1. 

Further  study  of  samples  from  both  the  lava  lake  and  the 
eruption  pumice  has  led  to  the  following  five-fold  classification: 

(1 ) Class  I (formerly  type  I ) consists  of  large  grains  (1-12  mm 
long)  generally  blocky  in  form,  but  irregular  in  overall  outline,  as 
described  in  Helz  (1980)  They  commonly  contain  planar  extinction 
discontinuities,  bounding  kink-bands,  which  ettend  all  the  way 
across  the  crystal  (see  figs.  25.4A-B.  25. 5A)  More  rarely,  the 
subgrains  may  be  rectangular  (see  fig.  25. 513)  Grains  of  this  class 
rarely  contain  melt  inclusions.  Although  planar  extinction  discon- 
tinuities may  be  quite  abundant  in  a given  grain,  the  total  amount  of 
strain  involved  is  usually  not  large.  The  extinction  position  of 
different  parts  of  the  grains  never  varies  by  more  than  1 5°  of  rotation 
and  the  usual  range  is  5°— 10°.  Flicse  grains  may  exhibit  local 
rounding  or  resorption  at  their  edges.  If  resorption  is  present,  the 
subgrain  boundaries  are  preferentially  resorbed  by  the  melt  (as  in 
figs.  25. 4A,  25. 5A)  Olivine  grains  in  this  class  are  the  most 
conspicuous  in  any  given  thin  section  (sec  fig.  23.3) 

(2)  Class  2,  containing  all  euhedral  and  skeletal  grains  (see 
figs.  25.3,  25. 4C  and  25. 5C)  is  the  most  abundant  class  of  olivine. 
Hie  distinguishing  feature  of  this  class  is  that  tlie  form  of  the  grains 
suggests  that  they  have  grown  from  a melt  in  the  recent  past.  Minor 
rounding  of  tips  and  comers  of  grams  may  occur,  but  in  general  class 
2 olivine  exhibits  much  less  resorption  than  class  I grains  do.  They 
are  completely  free  of  multiple  planar  extinction  discontinuities. 
Iliry  commonly  contain  melt  inclusions,  most  often  a single  large 
inclusion,  of  negative  crystal  form,  in  the  center  of  the  grain.  Grains 
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Figure  25.3. — Eruption  sample  Uu— 24.  from  pka*e  9 of  the  1959  eruption  All 
btrdmeent  grama  are  olivine,  matrix  n imxieraletv  vehicular  brown  gloat.  Note 
Urge  range  m sue  tKal  exisli  for  botb  olivine  and  vesicle*.  Nicola  partly  crowed. 
Field  of  view  n 2.2  cm  across. 


of  this  type  are  commonly  0.5-2  mm  long,  but  they  may  reach  5 
mm  in  length.  A large  skeletal  grain  is  shown  in  figure  25. 4D; 
skeletal  grains  of  this  size  are  rare  in  the  1959  lavas. 

(3)  Class  3 includes  a small  population  of  grains  whose  shapes 
have  been  so  extensively  modified  by  resorption  that  they  cannot  be 
assigned  to  group  I or  2 on  the  basis  of  shape.  Most  class  3 grains 
are  almost  perfectly  rounded.  More  rarely  they  may  be  amoeboid, 
but  are  never  skeletal.  These  grains  do  not  contain  kink- bands;  any 
grain  with  such  features,  even  though  strongly  rounded,  has  been  put 
in  class  1. 

(4)  Class  4 includes  rare  angular  or  conchoidaJ  fragments  of 
oliviqr.  Some  care  is  needed  to  distinguish  between  broken  pieces  of 
olivine  and  crystals  that  have  odd  shapes  because  they  have  been 
sectioned  obliquely.  Nevertheless,  there  are  a few  grains  of  olivine 
that  are  clearly  bounded  by  fracture  surfaces.  This  class  provides 
evidence  for  local  brittle  failure  of  olivine  under  conditions  quite 
different  from  those  under  which  the  deformation  features  seen  in 
class  I olivine  formed.  Some  of  these  angular  fragments  may  be 
slightly  modified  by  resorption  (see  fig.  25.40  Others  have 
survived  for  decades  in  the  lake  without  significant  resorption  or 
overgrowth  of  olivine  (see  fig.  25.5 D\ 

(5)  Class  5 olivine  grains  are  those  containing  swarms  of 
inclusions  of  opaque  minerals  and  pale  glass,  in  which  the  opaques 
consist  partly  or  entirely  of  sulfide.  Chromite  (or  chromian  spinel)  is 
the  other  opaque  phase  that  may  be  present.  Class  5 grains  are  very 
rare,  melt  bearing  inclusions  in  most  grains  being  sulfide-free. 
Sometimes  the  entire  core  of  the  olivine  gram  is  so  charged  with 
inclusions  that  it  looks  dirty  in  thin  section.  More  often,  the 
inclusions  occur  only  in  patches  within  an  otherwise  clear  grain. 
Inclusions  also  occur  as  a continuous  necklace,  separating  a clear 
core  and  a clear  rim.  Examples  of  these  various  types  are  shown  in 
figures  25. 4E  and  25. 5£.  Grains  m this  class  are  usually  small 
(1-4  mm  long)  and  are  equant  but  not  conspicuously  euhedral  in 


outline.  A few  class  5 grains  contain  planar  extinction  discon- 
tinuities, but  most  are  undeformed.  The  presence  of  included  sulfide 
is  the  crucial  feature  in  assigning  a grain  to  this  class.  Some  olivine 
grains  have  inclusion  swarms  similar  to  the  class  5 swarms  in  all 
respects,  except  that  they  lack  sulfide.  These  grains  have  been 
excluded  from  class  5 as  presently  defined,  though  more  detailed 
work  on  their  inclusions  might  justify  extending  this  class  to  include 
them. 

This  five-fold  classification  was  first  published  in  Helz  (1983). 
Almost  simultaneously,  and  quite  independently,  Schwtndinger  and 
others  (1983)  published  a different  classification  scheme  for  olivine  in 
the  1959  lava.  Schwindinger  and  coworkers  leached  the  olivine 
grains  out  of  the  glass  of  several  samples  of  eruption  pumice  to  view 
them  in  three  dimensions.  Their  classification  thus  emphasizes  three- 
dimensional  form  and  surface  morphology.  Also,  they'  worked 
exclusively  with  eruption  pumice.  These  differences  in  scope  and 
technique  have  led  inevitably  to  different  classification  schemes.  The 
two  schemes  are  not  in  conflict,  however;  rather,  the  two  studies 
complement  each  other. 

The  present  classification  scheme  was  developed  by  looking  at 
olivine  as  it  appears  in  thin  section,  that  is,  in  two  dimensions.  I have 
considered  chiefly  the  overall  form  of  the  gram  (complexly  blocky. 
euhedral,  round,  fragmental)  and  the  presence  of  certain  internal 
features  (multiple  planar  extinction  discontinuities,  swarms  of  sulbde- 
beanng  inclusions)  in  assigning  a grain  to  a given  class.  Features  not 
used  here  to  classify  grains  include:  Size  of  grain;  presence  or 
absence  of  inclusions  of  chromite  or  brown  glass;  and  presence  or 
absence  of  minor  or  local  resorption.  Certain  classes  do  ochibit 
group  characteristics  with  respect  to  this  set  of  features.  For 


Inclusions  of  brown  basaltic  glass  are  very  common  in  class  2 grains, 
and  rare  in  all  other  classes.  However,  this  clustering  of  additional 
traits  is  a matter  of  observation,  and  not  part  of  the  classification 
process. 

With  so  many  types  of  olivine  present,  the  possibility  obviously 
arises  that  only  some  classes  of  crystals  (for  example,  class  2)  are 
cognate  with  the  host,  whereas  others  (perhaps  class  1)  may  be 
largely  xenocrystic.  As  will  become  evident  below,  there  are  many 
gradations  between  cognate  and  xenocrystic.  and  so  these  terms  will 
be  little  used  in  this  paper.  Instead,  the  term  phenocryst  is  used  to 
mean  any  olivine  gram  big  enough  to  see  with  the  unaided  eye, 
without  genetic  implications,  while  the  terms  grain  or  crystal  may 
include  smaller  olivine  grams  as  well. 

PETROGRAPHY  OF  THE  ERUPTION  PUMICE 

The  eruption  samples  examined  in  this  study  are  listed  m table 
25.1.  together  with  their  dates  of  collection  and  petrographic  notes 
on  the  olivine  present.  Two  sample  designations  are  given.  ITc  first 
is  the  collection  number  assigned  in  the  held,  which  will  be  used  in 
this  paper.  The  second  number  (S- number  in  parentheses)  » the 
number  used  in  Murata  and  Richter  (1966a)  and  Richter  and 
Murata  (1906);  it  is  reproduced  here  to  facilitate  comparison  with 
those  papers.  Some  samples  investigated  here  were  not  analyzed  in 
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the  earlier  studies,  and  therefore  have  no  S-numbers. 

All  samples  in  table  25. 1 contain  abundant  brown  glass, 
mostly  very  fresh  and  clear,  but  locally  charged  with  fine-grained 
opaques.  All  glasses  are  quite  vesicular,  some  of  them  so  vesicular 
that  less  than  a third  of  the  area  of  the  thin  section  is  glass  and 
crystals.  A typical  olivine-rich,  moderately  vesicular  eruption  sam- 


£ 


Fk.UKK  25.4.  — Rrpmmlaliyr  otirine  grams  from  the  eruption  pinnace  of  ihe  1959 
Kilauea  eruption.  A.  Deformed  ( class  I)  olivine  gram.  2 mm  long  from  Iks— 2 1 
(phase  HI  The  edges  are  resorted  and  show  preferential  resorption  along  the 
planar  atinction  discontinuities  bounding  the  lunk -bands.  Two  etibedral  (class  2) 
grams  are  vuibte  lo  the  left.  Crossed  nicols  B,  Deformed  (clast  I)  olivme  grain 
(nghtX  stowing  relationship  between  the  curved  (possibly  bent?)  edge  of  the  grain 
and  the  position  of  the  atmetun  discontinuities,  along  an  edge  where  resorption 
has  not  occurred.  Thu  gram,  from  llu-24,  u visible  m the  center  of  figure  25.3. 
Field  of  view  2 mm  across.  Crossed  iucob  C,  EuhedraJ  (class  2)  and  fragmental 
(class  4)  olivme  grams  in  lki-7  (phase  I ) The  euhedral  grams  are  I mm  long 
Nicols  partly  crossed.  D,  Coarse  skeletal  (class  2)  olivme  gram.  3 mm  in  length, 
m Iki-21  (phase  8X  Such  grains  are  very  rare  m the  1959  lava  Nicols  slightly 
crossed.  £.  Class  5 olivme  ( I ram  long)  with  necklace  of  Imy  inclusions,  from 
sample  lki-32  (phase  I 5)  The  edge  of  thn  crystal  shows  local  resorption  (cuspate 
edges)  but  u euhedral  elsewhere  around  its  run.  Nicols  partly  crossed. 

pie  is  shown  in  figure  25.3.  All  of  the  birefrmgent  material  in  this 
section  is  olivine;  clearly  the  size  range  of  olivine  present  is  very 
large. 

The  crystalline  material  present  in  the  eruption  pumice  consists 
almost  entirely  of  olivine  plus  chromite.  Both  phases  are  always 
present;  there  are  few  chromite- free  olivine  grains  and  no  chromite- 
free  samples.  Chromite  occurs  principally  as  inclusions  in  olivine; 
most  crystals  not  included  in  olivine  are  immediately  adjacent  to 
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Figure  25  5.  — Representative  olivinr  from  Kilaura  Iki  lava  lake  A,  Deformed 
(rlu>  I)  olivine  gram  from  KI8I  -2-226,  quenched  from  1,140  °C  m 1961.  |i 
has  multiple  planar  extinction  ducontmuitie*  and  cuspate  margins  like  the  grain  in 
figure  25.4A.  Pari  of  gram  visible  is  2 mm  long.  Crossed  mcols.  B.  Deformed 
(class  I ) grain  in  aggregate  KI79-  I - l89.0fbX  quenched  from  1 . 1 30— 1.135  XT 
m 1979.  Ilie  ohvr  green  grain  shows  rectangular  subgrain  boundaries  instead  of 
planar  extinction  dmontmuities  extending  across  the  whole  grain.  This  gram  is  5 
mm  long  Black  area  at  lower  right  n the  edge  of  the  rock  section  Crossed  tucols 
C.  Euhcdral  (class  2)  olivine  grains  from  KI76-I-I49  I.  quenched  from  1.105 
°C  in  1976  These  are  grouped  into  duster*  of  2-3  grains  each  Smaller  crystals 
are  groundmass  phases,  including  olivine,  augite.  and  plagtoclasr.  in  brown  glass 
Field  of  view  1 mm  across  HanepoUn/ed  light  D.  fragmrntal  (class  4 1 olivine 


grain  from  sample  KI75  - 1 - 145. 1 . quenched  from  1.120  m 1975.  Al 
surfaces  of  the  pmk  triangular  grain  are  slightly  conrhoidal  This  gram  is  5 mm 
long.  Class  I (yellow  gram,  lower  right)  and  class  2 (purple  grains  to  left)  olivine 
phenocrysts  are  also  visible.  Ihr  glass  is  at  extinction  Crossed  mcols.  £.  Class  5 
olivine  phenocryst  (3  mm  across)  with  inclusion  - rich  core,  from  sample 
KI8I -1-306.7.  quenched  from  1.065  "C  in  1981;  smaller,  attached  gram  is  at 
extinction  Crossed  mcols  F.  Olivine  megacry »t  from  sample  KI76-2-20. 5.  It 
is  mounted  on  a glass  slide.  pus*  visible  in  the  picture,  which  is  2. 54  cm  across.  The 
grain  is  somewhat  skeletal,  with  former  melt  inclusions  now  visible  as  areas  of 
mesoslasis  Irregular  black  areas  within  the  crystal  are  the  result  of  fragmentation 
and  plucking  during  sectioning  Faml  extinction  discontinuities  (visible  m upper 
part  of  crystal)  are  present  throughout  the  gram  Crossed  mcols. 
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Table  25.1. — Sample*  of  1959  eruption  pumice  in vtttifded 


Sample 

Phase  of 
eruption 

Date 

Type  of 

samp le 

Olivine 

classes 

present 

Resorption 

observed? 

Kink  bands 
present  in 
olivines? 

Types  (numbers) 
of  sections 
examined 

Ik i — 1 ( S— 2 ) 

1 

11/14/59 

Flow 

2 

No 

No 

TS,  PTS 

Iki-58(S-I> 

1 

1/14 

Flow 

2 

No 

No 

TS,  PTS 

lki-42 

1 

1/16 

Flow 

2 

No 

No 

TS<2) 

Iki-2( S-4) 

1 

11/17 

Pumice 

2 

No 

No 

TS 

Iki-22  (S-5) 

1 

11/18 

Pumice 

1,2,3 

Yes 

Yes 

TS,  PTS 

Iki-44  (S-7) 

1 

11/20 

Pumice 

1.2,3 

Yes 

Yes 

TS,  PTS 

lki-5  ( S-8) 

l 

11/21 

Pumice 

1,2 

No 

Yes 

TS 

Iki-7  ( S-9) 

1 

11/21 

Pumice 

1,2, 3, 4 

Yes 

Yes 

TS,  PTS 

lki-8(S-10) 

2 

11/26 

Flow 

1 ,2 

Yes 

Yes 

TS 

lki-l 1 ( S-l  1 ) 

2 

11/26 

Pumice 

1,2, 3, 5 

Yes 

Yes 

TS,  PTS 

Iki-9( S-12) 

3 

11/28 

Pumice 

2 

Yes 

No 

TS,  PTS( 2) 

lki-10(S-l 3) 

3 

11/29 

Pumice 

2 

Yes 

No 

TS 

lki-12(S-14) 

4 

12/4 

Flow 

2 

No 

No 

TS 

lki-1 3(S-1 5) 

4 

12/5 

Pumice 

1,2, 3, 4 

Yes 

No 

TS,  PTS 

Ik i -14( S-l 6) 

5 

12/6 

Pumice 

1,2, 4, 5 

Yes 

Yes 

TS,  PTS 

lki-1 5( S-l 7) 

5 

12/7 

Pumice 

1,2 

Yes 

Yes 

TS 

lki-19( 5-18) 

7 

12/8 

Pumice 

1,2, 3, 5? 

Yes 

Yes 

TS 

lki-20 

7 

12/8 

Pumice 

2,5 

Yes 

No 

PTS 

Iki-21 ( S-l 9) 

8 

12/11 

Pumice 

1 ,2,4,5 

Yes 

Yes 

TS,  PTS 

lki-24 

9 

12/13 

Pumice 

I.2.* 

Yes 

Yes 

PTS 

lki-36 

9 

12/13 

Pond  Surface 

1,2,4 

Yes 

Yes 

TS(2) 

Iki-26(S-2l ) 

10 

12/14 

Pumice 

1.2,3 

Yes 

Yes 

TS,  PTS 

Iki -32( S-22) 

15 

12/17 

Pumice 

1 ,2,3,5 

Yes 

Yes 

TS,  PTS 

lki-33(S-24) 

16 

12/19 

Pumice 

1,2 

Yes 

Yes 

TS,  PTS 

lki-38(S-25) 

17? 

12/19? 

Ooze 

1,2 

No 

No 

TS 

olivine.  Crystals  of  chromite  occurring  in  the  glass,  at  some  distance 
from  olivine,  arc  rare.  Tliis  pattern  of  association  of  olivine  and  j 
chromite  suggests  that  spinel  nucleates  on  olivine,  whenever  possible. 

A fen1  eruption  samples  aJso  contain  minor  amounts  of  fine- 
grained augite,  with  or  without  tiny  laths  or  plates  of  piagioclase. 
These  phases  occur  in  all  of  the  earliest  phase  I pumice  samples 
(Iki-58,  lki-1,  lki-42)  plus  some  phase  2 and  3 samples  (Iki-I  I , 
lki-9X  These  minerals  are  never  sufficiently  coarse  grained  to  be 
considered  phenocrystic.  They  do  not  survive  in  recognizable  form  in 
the  lake  (Helz,  I980X  but  must  make  up  part  of  the  groundmass. 

As  can  be  seen  in  table  25. 1 , the  petrographic  character  of  the 
olivine  in  the  eruption  pumice  varies  with  time.  The  early  phase  I 
samples  (Iki-58,  Iki-I,  lki-42,  lki-2)  contain  only  minor 
amounts  of  eubedral  class  2 olivine  showing  little  or  no  resorption. 
Lava  temperature  evidently  increased  during  this  period,  however, 
as  the  latest  of  this  series  of  samples  does  not  contain  the  tiny  augite 
± piagioclase  crystals  seen  in  pumice  erupted  on  November 
14-16.  On  November  18,  1959,  the  olivine  content  of  the  lava 


increased  and  the  olivine  assemblage  became  more  complex,  now 
including  representatives  of  classes  I,  2,  and  3.  This  situation 
persisted  to  the  end  of  the  first  phase,  with  some  fragmental  olivine 
(class  4)  occurring  in  the  latest  sample  (see  fig.  25.4CX 

Phase  2 samples  also  have  a complex  olivine  assemblage, 
including  the  earliest  known  class  5 olivine.  Phase  3,  by  contrast, 
marks  a reversion  to  a depleted  olivine  population  like  the  early 
phase  I pumice,  but  with  more  rounding  of  the  olivine.  An  early 
phase  4 sample  is  similarly  olivine- poor,  but  later  phase  4 and  the 
phase  5 samples  again  contain  a complex  olivine  assemblage,  which 
contains  the  first  fragmental  olivine  seen  since  the  end  of  phase  I . 

Phase  6 is  not  represented,  but  phase  7 pumice  continues  to 
have  a very  complex  olivine  assemblage,  containing  all  classes  of 
olivine  except  the  fragmental  class  4.  Phases  8 and  9 contain 
abundant  and  very  variable  olivine  (see  figs.  25.3,  25.4A-BX 
including  class  4 fragments,  but  without  any  class  3 (round  or 
strongly  resorbed)  grains.  These  are  the  last  eruption  samples 
known  to  contain  fragmental  olivine.  In  phases  10  and  15,  rounded 
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class  3 olivine  reappears,  but  class  4 olivine  is  absent.  Later  samples 
from  phase  16  and  1 7(?)  contain  abundant  olivine,  but  it  is,  like  that 
in  the  earliest  pumice,  less  variable  in  form.  In  the  latest  sample,  an 
ooze,  the  olivine  shows  neither  resorption  nor  kink-bands;  the  only 
other  samples  like  it  are  the  earliest  (November  14-17)  phase  1 
samples. 

Thus,  the  sequence  of  appearance  of  the  different  classes  is; 
first,  class  2.  followed  by  I and  3,  then  4,  then  5.  Class  3 and  class 
4 olivine  tend  not  to  occur  in  the  same  sample:  of  the  eight  samples 
with  class  3 grams  and  6 samples  with  class  4 fragmental  olivine, 
only  two  (lki-7,  Iki — 13)  contain  both  classes.  Class  3 olivine,  the 
last  class  to  appear,  is  found  in  phases  2,  3,  7,  8,  and  1 3 and  may 
occur  in  association  with  any  of  the  other  classes.  The  sequence  of 
disappearance,  as  the  eruption  went  on,  was:  first,  4,  then  3 and  5, 
leaving  only  1 and  2 present  in  the  last  phase. 

Certain  of  these  classes  are  uncommon,  and  it  might  be  thought 
that  the  apparent  gaps  in  the  occurrence  of  classes  3,  4,  and  3 would 
disappear,  if  more  thin  sections  were  examined  For  many  samples, 
however,  more  than  one  section  is  available  already,  and  the  olivine 
population  is  almost  always  the  same  in  both  sections.  Thus,  it 
appears  that  the  occurrence  of  class  3,  4,  and  3 olivine  as  reported 
in  table  23. 1 is  not  an  accident  of  sectioning  but  a characteristic  of 
particular  samples. 

PETROGRAPHY  OF  OLIVINE  PHENOCRYSTS  AND 
MEGACRYSTS  IN  THE  LAVA  LAKE 

The  same  five  classes  of  olivine  that  occur  in  the  eruption 
pumice  can  be  found  in  samples  from  the  lake.  Such  samples  cannot 
he  related  to  individual  phases,  however,  because  of  mixing  in  the 
lake,  drainback  between  phases,  and  re-eruption  of  some  of  the 
same  material  in  later  phases.  In  addition  to  these  complications, 
there  has  been  significant  redistribution  of  olivine  within  the  lake 
after  it  crusted  over,  as  discussed  in  Helz  (1980)  The  dominant 
process  was  probably  gravitative  settling,  as  the  coarser  class  I 
olivine  grains  have  been  affected  more  than  the  smaller  class  2 
phenocrysts.  For  these  reasons,  it  is  not  possible  to  develop  an 
olivine  stratigraphy  for  the  lake  that  would  correlate  with  the  time 
sequence  observed  in  table  25.1.  Posteruptivc  redistribution  of 
olivine  has  produced  essentially  three  zones  in  the  lake:  an  upper, 
olivine-rich  zone  down  to  a depth  of  1 8 m,  an  olivine-depleted  zone 
from  18-40  m,  and  a second  olivine-rich  zone  from  40  m down  to 
within  2 m of  the  bottom  of  the  lake  (Helz,  1980;  Helz  and  Wright, 
1983;  Helz  and  others,  1984)  Both  olivine-rich  zones  contain  all 
five  classes  of  olivine.  The  olivine-depleted  zone  generally  contains 
only  class  2 grains,  which  are  commonly  rounded  and  may  be  locally 
rimmed  with  pyroxene. 

It  might  be  thought  that  some  of  the  features  used  to  classify 
olivine  in  the  eruption  pumice  would  disappear  during  prolonged 
annealing  in  the  lake.  In  fact,  the  only  type  of  grain  significantly 
affected  is  the  skeletal  olivine.  Skeletal  grains  do  occur  in  the 
pumice,  though  usually  only  in  the  microphenocryst  size  range 
(<0.5  mm)  Lake  samples,  having  cooled  more  slowly,  contain 
virtually  no  skeletal  olivine.  Sample  KI79-I-I89.0  contains  the 


only  known  example  of  a coarse  skeletal  olivine  in  the  lake.  Typical 
grains  of  class  2 lake  olivine  are  shown  in  figure  25. 5C.  These  look 
very  much  like  their  equivalents  in  the  eruption  pumice,  as  over- 
growths of  olivine  are  minor  and  glass  inclusions  tend  to  crystallize 
later  than  the  melt  outside  the  olivine. 

Other  types  of  olivine  have  also  survived  as  much  as  22  years 
of  slow  cooling  unscathed.  For  example,  figure  25. 5A  shows  a class 
I olivine,  with  multiple  planar  extinction  discontinuities,  and  strongly 
resorbed  outline,  which  is  virtually  identical  to  the  grain  shown  in 
figure  25. 4A.  The  first  grain  was  quenched  from  1,198  °C  on 
December  II,  1959  (see  table  25.1)  The  second  was  quenched 
from  1,140  °C  on  April  22.  1981  (Helz  and  VWight,  1983;  Helz 

and  Thorn ber,  in  press)  The  extinction  discontinuities  haw  not  been 
removed  by  annealing,  nor  have  the  crystallographicaliy  irrational 
curved  surfaces  of  the  resorbed  grams  healed.  Apparently  they  are 
very  unfavorable  sites  for  further  growth  of  olivine.  Fragmental 
olivine  also  survives  in  the  lake  (see  Eg.  25.5 D\  perhaps  for  the 
same  reason:  the  broken  surfaces  are  not  favorable  growth  sites, 
compared  with  the  abundant  rational  faces  and  edges  available  on 
the  class  2 phenocrysts  and  groundmass  olivine. 

The  distribution  of  class  5 grains  in  the  lake,  which  appears  to 
be  random,  is  of  particular  interest.  These  grams  occur  in  olivine- 
rich  samples  at  the  edge  of  the  lake,  and  in  the  center,  at  all  depths, 
wherever  class  1 grams  occur.  One  of  the  best  examples  of  this  class 
(fig.  25.5 E)  is  from  the  bottom  of  the  deepest  drill  hole  in  the  center 
of  the  lake.  As  indicated  in  table  25. 1 , class  5 grains  have  not  yet 
been  observed  in  any  phase  I samples.  The  bulk  of  the  lake, 
however,  was  erupted  during  phase  1 and  did  not  dram  back  down 
the  vent  (see  fig.  25.2)  Therefore,  if  the  apparent  absence  of  class  5 
grains  from  phase  I is  real,  the  presence  of  grains  of  this  class 
throughout  the  lake,  including  its  most  northerly  and  (or)  deepest 
parts,  implies  that  the  bulk  of  the  lake  was  very  well  mixed  dunng 
phases  2—17,  and  perhaps  for  some  time  thereafter,  even  though 
there  was  little  net  increase  in  lava  in  the  lake  after  phase  1 . 

OLIVINE  MEGACRYSTS 

The  principal  reason  for  considering  lake  samples  in  a paper  on 
the  dynamics  of  the  1959  eruption  is  that  the  lake  contains  a sparse 
population  of  very  large  olivine  grains  and  aggregates  of  olivine, 
distinct  from  any  observed  in  the  available  thin  sections  of  eruption 
pumice.  Perhaps  the  most  curious  arc  the  two  olivine  megacrysts  that 
I have  been  found  in  the  lake.  One  of  these  is  shown  in  fig.  25. 5F; 

! data  on  both  are  presented  in  table  25.2. 

The  actual  size  of  these  large  single  crystals,  or  megacrysts,  of 
olivine  is  unknown,  but  the  parts  of  the  grains  visible  in  drill  core  and 
thin  section  are  20  mm  by  10  mm.  Though  found  at  very  different 
levels  in  the  lake,  the  two  grains  are  so  much  alike  that  they  look  like 
pieces  of  the  same  crystal.  Both  are  wedge-shaped  in  section  and 
contain  as  inclusions  large  areas  of  glass  plus  augite,  plagioclase,  and 
other  groundmass  phases.  Presumably  the  original  grains  were 
skeletal,  with  irregular  cavities  in  their  cores.  Their  external  form  is 
not  cuhedral;  their  present  grain  boundaries  appear  to  be  fracture 
surfaces,  at  least  in  part.  Both  megacrysts  contain  abundant  planar 
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oUinction  discontinuities  (as  in  fig.  25.5 F\  but  the  total  angle  of 
rotation  is  very  slight  in  both  megacrysts.  The  planes  are  decorated 
with  minute  inclusions  or  voids,  a style  of  decoration  that  is  not 
commonly  observed  in  ordinary  class  I olivine  phenocrysts.  Mega- 
crysts of  this  sort  have  not  previously  been  reported  in  Kilauean 
lava. 

PETROGRAPHY  OF  OLIVINE  AGGREGATES 

Sch  win  dinger  and  others  (1983)  reported  that  95  percent  of 
the  olivine  in  the  eruption  samples  studied  by  them  occur  in 
aggregates.  This  figure  is  not  unreasonable  for  other  eruption 
samples  as  well,  but  may  be  a little  high  for  lake  samples.  Whatever 
the  exact  figure,  isolated  single  crystals  of  olivine  arc  uncommon. 
Large  clots  of  crystals  are  also  exceptional,  however;  most  clumps  of 
crystals  appear,  at  least  in  thin  section,  to  consist  of  2-6  individual 
grains  (see  fig.  25. 3). 

If  one  considers  only  the  largest  aggregates,  there  are  two 
distinct  types  present.  The  more  common  type  of  large  olivine 
aggregates  consists  of  relatively  open  or  skeletal  clusters  of  grains, 
like  that  shown  in  figure  25.6A-B.  These  open  clusters  consist  of 
class  2 grains,  rounded  or  otherwise,  which  have  a common 
crystallographic  orientation.  A subordinate  set,  rotated  90°  from  the 
first  set,  is  not  uncommon,  but  other  crystal  orientations  are  rare. 
The  crystals  in  these  open  aggregates  are  not  sorted  by  size  (see  fig. 
25.6 B especially}  These  networks  of  crystals  are  open,  with  glass 
and  vesicles  along  boundaries  and  at  interstices.  Schwindinger  and 
others  (1983)  studied  this  type  of  open  aggregate  in  some  detail  and 
recognized  several  subcategories.  They  have  suggested  that  these 
aggregates  form  by  synneusis,  the  swimming  together  of  crystals 
suspended  in  a melt.  Similar  aggregates  are  common  in  the  lake; 
these  differ  from  the  one  shown  in  figure  25. 6A  chiefly  in  that  they 
contain  fewer  crystals  and  less  interstitial  glass.  The  significance  of 
these  aggregates  is  that,  whatever  their  exact  origin,  everything  about 
them  suggests  that  they  formed  in  the  presence  of  abundant  melt, 
most  probably  in  Kilaueas  summit  reservoir. 

The  second  group  of  olivine  aggregates  differs  markedly  in 
character  from  the  open,  glomerocrystic  dots  described  above.  This 
group,  which  will  be  referred  to  as  dense  olivine  aggregates  or  d unite 
aggregates,  consists  of  clusters  of  non-euhedral  olivine,  for  the  most 
part  very  lightly  interlocked  or  intergrown.  The  grams  are  not 
oriented  crystallographically  relative  to  each  other.  Such  olivine 
aggregates,  or  d unite  fragments,  are  uncommon;  the  one  dozen 
examples  known  to  date  are  described  in  table  25.2. 

The  dunitic  aggregates  in  table  25.2  are  from  drill  core,  and  so 
have  undergone  variable  periods  of  slow  cooling  in  the  lake  between 
eruption  and  quenching.  Therefore,  table  25.2  includes  the  dates  on 
which  the  various  samples  were  drilled  and  the  temperatures  from 
which  they  were  quenched.  The  temperature  estimates  are  based  on 
the  composition  of  the  glass  found  in  the  groundmass  of  the  host  rock 
of  each  sample,  using  the  empirical  calibration  presented  m Helz  and 
Thom  be  r (in  press)  for  Kilauean  samples,  eicept  for  sample 
KI76-2-20.5.  which  was  collected  long  after  the  rock  crys- 
tallized. For  this  sample,  the  temperature  (about  100  °C)  was 
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Figure  25.6. — Skeletal  olnnnr  aggregate  from  tbr  1959  Kiauea  erupOoa.  A, 
Aggregate  of  eukedral  grain  in  uunple  lki-33  (pkase  163  Note  die  strong 
preferred  onenlaticm  of  tkr  crystal*.  The  aggregate  i • 6 men  long.  Crowed  rucolt 
B,  Cloae-up  of  the  tame  aggregate,  ahownng  its  open  nature.  Interior  gram  margin* 
are  tlightly  rounded,  exterior  margin*  ttnedy  euhedral. 

determined  by  downhole  thermocouple  measurement.  From  these 
data  it  can  be  seen  that  individual  aggregates  were  stored  anywhere 
from  9 months  to  22  years  in  the  lake  and  quenched  from  tem- 
peratures ranging  from  950  °C  to  1 , 1 40  °C. 

It  is  evident  from  table  25.2  that  these  twelve  dunitic  aggre- 
gates are  not  distinctive  in  size;  most  are  similar  in  size  to  the  largest 
individual  class  I olivine  grains.  Even  the  largest  are  no  bigger  than 
the  megacrysts  described  above.  It  is  not  surprising,  therefore,  that 
they  occur  randomly  within  the  upper  and  lower  obvine-rich  zones, 
associated  with  the  coarser  olivine  phenocrysts.  Because  the  lake 
appears  to  have  become  very  well  mixed  dunng  the  eruption,  it  is  not 
possible  to  associate  the  aggregates  and  megacrysts  with  a particular 
phase  or  phases,  even  though  they  may  have  been  far  from  random  in 
their  occurrence  in  the  eruption  samples. 

This  group  of  dense  olivine  aggregates  can  be  divided  into 
three  subcategories:  (I)  seven  aggregates  consisting  dominantly  of 
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Figure  25.7—  Durobc  *#xrf**lr*  from  KiW*  Iki  l*v*  lake  A,  A tarry  aic  of 
deformed  ofcvme*  from  KI-II3.  quenched  from  1.090  “C- 1.095  “C  in  I960. 
All  bul  * few  of  the  small  grains  ur  deformed  The  aggregate  n 8 nun  acroti 
Crowed  meets  B,  Close-up  of  a triple  junction  in  aggregate.  ahowmc  irregular 
gram  bound* r»e»,  plus  lack  of  120s  angle*,  and  minimal  penetration  of  melt  from 
host  along  boundaries  and  at  triple  junction  (The  black  itnp  that  inter *ect*  the 
triple  junction  i»  an  epoxy  filled  crack  formed  during  tectiorang. ) Note  crack* 
radial  mg  from  chromite  inclusion  m blue  gram  at  left.  Field  of  view  2.5  mm 
acroa*.  Crowed  mcols.  C.  Aggregate  of  claw  I olivine  (6  by  5 mm),  from 
KI8I  - 1 -230.4,  quenched  from  1.140  *C  in  1981.  The  large  grams  contain 


D 

irregular  blocky  uibgrain*.  the  boundane*  of  which  are  oblique  to  the  section 
Chromite  (black)  and  smaller,  strain-free  olivine  grain*  occur  along  the  margins  of 
the  coarse  olivine  Gram  boundane*  at  triple  junction*  intersect  at  angle*  near 
120s,  and  most  gram  boundane*  are  planar  Melt  penetration  of  this  aggregate  is 
minimal,  even  after  22  yean  m the  lava  lake.  Crossed  turols  D,  Aggregate  of 
diu  5 olivine  m KI67-2-87.5.  quenched  from  1,073  “C  m 1967.  showing 
swarms  of  mcluwon*.  Moat  inclusion*  are  very  tiny.  Note  densest  inclusion  swarm 
trends  obliquely  to  gram  boundaries.  Field  of  view  is  1 nun  across.  Partly  crossed 
nicols. 


interlocking  class  I grains:  (2)  two  clusters  of  class  5 grains:  and  (3) 
three  aggregates  containing  areas  of  a mosaic  of  unstrained  olivine 
grains. 

DENSE  AGGREGATES  OF  CLASS  1 GRAINS 

This  is  the  commonest  type  of  dense  aggregate,  with  seven 
known  examples.  One  of  these,  recovered  in  l%0  from  a depth  of 
6. 86  m in  the  lake,  is  shown  in  figure  Ib.lA-R.  It  consists  of 
anhedral  grains,  for  the  most  part  tightly  interlocked,  most  con- 
taining multiple  planar  extinction  discontinuities.  Some  grains  con- 
tain chromite  inclusions,  surrounded  by  fractures  radiating  from  the 
inclusion  wall  into  the  olivine  (see  fig.  25.7 B\  Triple  junctions. 


generally  not  intersecting  at  120°,  contain  very  small  pools  of  glass. 
Two-grain  boundaries  can  be  highly  irregular  (fig.  25.7A-B)  and 
are  mostly  unmarked  by  inclusions  of  vapor,  glass,  or  other  material. 
The  aggregate  contains  a population  of  smaller,  equant.  usually 
unstrained  grains  that  occur  at  the  margins  of  the  large  grains  but  do 
not  completely  surround  them.  In  the  textural  classifications 
developed  for  olivine-nch  xcnoliths  from  basalts  and  kimberlites,  this 
and  other  aggregates  in  this  group  are  transitional  between  the 
coarse  and  porphyroclastic  categories  of  Harte  (I977X  or  the 
protogranular  and  porphyroclastic  categories  of  Mercier  and  Nic- 
olas (I975X 

The  aggregate  in  KI  - 1 1 3 was  quenched  only  nine  months 
after  the  eruption  ceased,  so  its  texture  may  be  presumed  to  be 
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relatively  little  affected  by  long-term  storage  in  the  lake.  The  other 
aggregates  of  class  I grains,  from  26-70  m below  the  surface  of  the 
lake,  were  cooled  slowly  from  about  1,190  °C  to  the  quenching 
temperature  indicated  in  table  25.2  over  periods  of  8 to  22  years. 
However,  the  only  textural  change  consistently  observed  in  the  latter 
aggregates  is  that  the  grain  boundaries  become  more  planar,  and  the 
angle  of  their  intersections  at  triple  junctions  approach  120°  (see  figs. 
25. 50,  25.70  There  is  some  tendency  for  greater  penetration  of 
the  aggregate  by  melt,  but,  as  figure  25. 7C  shows,  this  is  not 
necessarily  extensive,  even  after  22  years.  In  some  of  the  more 
recently  quenched  samples  there  is  a tendency  for  chromite  to  occur 
intrrstitially  in  the  aggregate,  rather  than  as  inclusions  in  olivine  (fig. 
25.70;  but  other  aggregates  (fig.  25.5 D)  have  included  chromite 
preserved. 

Some  aspects  of  the  fabric  of  these  seven  aggregates  are 
unaffected  by  annealing  in  the  lake.  For  example,  the  aggregates  are 
notably  inequigranular,  with  the  ratio  of  largest  to  smallest  olivine 
grains  present  varying  from  10  to  30  (see  table  25.2).  There  is  no 
tendency  for  the  proportion  of  small  grains  to  increase  or  decrease 
with  time,  nor  does  average  grain  size  change  in  any  other  way  as 
length  of  storage  in  the  lake  increases.  Also,  as  in  the  isolated 
crystals,  there  is  no  discemable  tendency  for  the  kink  bands  or 
rectangular  subgrains  to  disappear  with  time.  The  lack  of  internal 
reorganization  of  the  large  deformed  grains  suggests  that  the  appar- 
ent expulsion  of  chromite  to  gram  boundaries  seen  in  some  aggregates 
(fig.  25.70  was  accomplished  during  an  earlier  cycle  of  deforma- 
tion and  recrystallizatvon.  The  present  generation  of  subgrains,  then, 
must  have  been  produced  in  a second  deformation  event,  the  effects 
of  which  have  not  been  eliminated  by  recrystallization  during  storage 
in  the  lake. 

By  decrease  in  number  of  adhering  grains,  these  aggregates 
appear  to  grade  into  the  dispersed  class  I olivine  phenocrysts.  It 
seems  possible  that  all  the  class  I grams  and  clusters  found  in  the 
eruption  samples  and  in  the  lake  may  have  been  disaggregated  from 
rocks  like  this  first  group  of  dense,  dunitic  aggregates. 

AGGREGATES  OF  CLASS  5 GRAINS 

Three  of  the  dense  aggregates  listed  in  table  25.2  contain 
olivine  with  sulfide-bearing  inclusions.  The  two  smaller  ones 
(KI67-2-87.5  and  KI79-I -203.6),  consisting  exclusively  of 
class  5 grains,  will  be  discussed  here,  live  description  below  applies 
equally  to  rare  smaller  clusters  of  class  5 grains,  containing  2 to  6 
grains  each. 

A close-up  view  of  the  K167-2-87.5  aggregate  (fig.  25. 7D) 
shows  most  of  the  features  of  this  type.  The  grains  are  full  of 
inclusions;  some  inclusions  arc  large,  of  brown  glass  with  or  without 
opaques  and  vapor,  but  most  are  tiny  and  any  glass  present  is  pale. 
Included  crystalline  phases  are  chromite  and  sulfide.  In  some  cases, 
the  sulfide  bleb  appears  to  be  too  large  to  be  a daughter  phase,  in 
the  terminology  of  Roedder  (I984X  suggesting  that  such  inclusions 
were  polyphase  initially,  the  melt  already  being  saturated  with  an 
immiscible  sulfide  liquid  ( ± chromite ) at  the  lime  the  inclusions 
formed.  No  daughter  silicates  have  been  observed.  Grain  shapes  are 


irregular,  but  grain  boundaries  are  tight  only  locally.  These  aggre 
gates  all  show  extensive  penetration  of  melt  along  grain  boundaries, 
independent  of  storage  time  m the  lake.  This  and  the  abundant 
inclusions  give  these  aggregates  a dirty,  moth-eaten  appearance  in 
thin  section. 

The  localization  of  some  inclusions  in  the  KI67-2-87.5 
aggregate  (fig.  25.7 D)  in  planar  arrays  suggests  that  they  formed 
when  melt  ± sulfide,  chromite,  and  vapor  were  injected  into 
fractures  in  a previously  existing  gram  or  aggregate  of  grains.  This 
distribution  of  inclusions  is  different  from  that  in  most  class  5 grains, 
in  which  the  inclusions  commonly  occupy  either  the  core  (as  in  fig. 
25.5 E)  or  a well-defined  necklace  (as  in  fig.  25.4EX  The  latter 
arrangements  are  more  characteristic  of  primary  inclusions,  that  is, 
inclusions  incorporated  during  the  growth  of  the  individual  olivine 
grain.  The  inclusion  arrays  in  figure  25.7 D,  by  contrast,  appear  to 
be  secondary  crack  fillings  (see  Roedder.  1984,  for  a discussion  of 
primary  versus  secondary  inclusions^  Sulfide- bearing  inclusions  also 
occur  in  irregular  trails,  swirls,  and  patches  that  cannot,  from  their 
geometry,  be  unequivocally  designated  as  primary  or  secondary. 

Class  5 grains  are  very  rare,  occurring  in  only  3 percent  of  the 
thin  sections  of  drill  core  examined.  The  fact  that  aggregates  of  class 
5 grains  occur  at  all  suggests  that  the  single  grains  may  formerly  have 
been  in  aggregates,  as  it  is  highly  improbable  that  these  rare  grains 
would  coalesce  into  pure  class- 5 dusters  after  having  been  dispersed 
in  the  1959  lava.  Because  of  their  ranty  and  in  spite  of  the  variation 
in  distribution  of  inclusions,  it  seems  likely  that  all  these  sulfide- 
bearuig  grams  and  aggregates  came  from  a fairly  limited  source 
region. 

DENSE  AGGREGATES  CONTAINING  POLYGONAL  MOSAICS 
OF  OLIVINE 

Three  of  the  dunitic  aggregates  described  in  table  25.2  consist 
partly  or  entirdy  of  a mosaic  of  equigranular  polygonal  olivine.  Two 
of  these  (in  KI79-5-I7I.4  and  KI8I-1 -181.5)  are  the  largest 
known  aggregates  in  the  lake.  Each  of  the  three  is  slightly  different  in 
character,  having  a different  range  of  grain  sizes  in  the  mosaic  areas. 


as  follows: 

KI67-2-87.9  0.6-2.5  mm 

KI 79-5-171. 4 0.4- 1.0  mm 

KI8I-I-18I.5  0.05-0.2  mm 


The  grain  size  of  the  mosaics  is  independent  of  storage  time  in  the 
lake,  as  the  coarsest  was  quenched  in  1967  and  the  finest  grained  in 
1981.  Mosaic  textures  similar  to  those  shown  in  figure  25.8A-C 
have  been  produced  experimentally  by  thermal  annealing  (Mercier. 
1979,  p.  200,  fig.  2d)  None  of  the  grains  in  the  mosaics  show  any 
sign  of  strain,  suggesting  that  they  were  not  produced  by 
recrystallization  during  steady-state  deformation  of  the  sort  studied 
by  Ross  and  others  (I960).  The  lack  of  corrdation  between  mosaic 
gram  size  and  time  of  storage  in  the  lake  suggests  that  none  of  these 
mosaics  was  produced  during  post -eruptive  annealing  m the  lake. 

The  smallest  and  simplest  of  these  three  aggregates  (fig. 
25. 80  consists  of  strain-free  grains  with  curvilinear  boundaries  and 
limited  size  range.  This  texture  corresponds  to  the  equant  gran- 
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TaBI -F  25.2.  — Data  on  o£t*r»c  aggrcg<Mej  and  mcgacrysis  found  in  Kdatea  Ik1  iwfc c 
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uloblastic  category  of  Harte  (1977)  or  the  mosaic  equigranular 
category  of  Mercier  and  Nicolas  (1975,  fig.  6b,  p.  464X  a texture 
attributed  to  lengthy  annealing  at  high  temperatures.  The  olivines  in 
this  inclusion  contain  abundant  healed  discoid  fractures  similar  to 
textures  in  olivines  from  San  Carlos  and  elsewhere,  which  have 
been  interpreted  (Wanamaker  and  Evans,  1985)  as  produced  by 
decrepitation  of  fluid  inclusions  during  rapid  decompression.  Similar 
healed  fractures  occur  in  inclusions  KI67  — 2-87.5  and 
KI79-1-l89.0(aX  but  are  not  as  common  in  these  aggregates  as  in 
figure  25. 8C. 

The  KI81-I-I81.5  aggregate  is  more  complex,  in  that  it 
contains,  in  addition  to  the  fine-grained  mosaic  shown  in  figure 
25.8 D,  a population  of  coarser,  more  euhedral  crystals,  commonly 
containing  a necklace  of  inclusions,  some  with  sparse,  tiny  sulfide 
blebs.  The  coarser  grains  probably  represent  a second  stage  of  grain 
coarsening,  with  the  larger  crystals  Having  grown  at  the  expense  of 
smaller  ones.  The  necklace  of  inclusions  would  correspond  to 
impurities  along  former  boundaries  of  the  grains,  swept  up  as  the 
olivine  grains  grew  outward.  For  the  following  reasons,  this  inter- 
pretation is  preferred  to  a model  in  which  the  coarser  grains  would 
be  considered  to  be  later  cumulates  that  Attached  themselves  to  a 
preexisting  fine-grained  substrate:  First,  some  of  the  coarse  grains 
occur  within  the  mosaic,  not  at  its  edge.  Second,  the  grains  are  very 
tightly  intergrown  and  randomly  oriented  (unlike  the  open  cumulate 


aggregates  shown  in  fig.  25.6A-B)  Third,  the  small  mosaic  grains 
contain  very  tiny  inclusions  similar  in  character  to  those  in  the  coarser 
grains,  suggesting  that  the  coarse  grains  grew  by  incorporating  this 
mosaic  and  its  grain-boundary  phases.  Clearly  the  second-stage 
coarsening  did  not  take  place  in  the  lava  lake;  the  mosaic  at  the  left 
end  of  the  aggregate  (fig.  25. 8D)  is  in  direct  contact  with  the  host 
and  shows  no  coarsening  whatever.  Therefore,  both  stages  predate 
incorporation  in  the  present  host. 

The  third  of  these  aggregates,  from  sample  KI79-5-I7I.4 
(fig.  25.8DX  is  the  most  heterogeneous  and  also  the  most  enigmatic. 
It  contains  areas  where  deformed  class  I grains  are  partly  enclosed 
by  strain-free  polygonal  grains,  but  elsewhere  it  contains  euhedral, 
class-2- 1 ike  grains.  This  aggregate  also  shows  more  extensive  pen- 
etration by  melt  (now  groundmass  crystals)  than  any  other  aggre- 
gate. Of  all  the  aggregates  in  table  25.2,  this  one  appears  to  have 
the  most  complex  history. 

In  contrast  to  the  other  two  groups  of  aggregates,  which 
correspond  to  one  or  another  of  the  olivine  classes  described  above, 
the  mosaic  grains  do  not  occur  as  a recognizable  separate  class  of 
dispersed  grains.  It  is  possible  that  some  of  the  smallest  class  I and 
some  class  3 grains  might  be  former  polygonal  mosaic,  but  this  seems 
unlikely:  there  are  very  few  such  grains  in  the  eruption  pumice.  A 
more  likely  explanation  is  that  strongly  annealed  durntes  are  simply 
rarer  than  the  mildly  deformed  ones. 
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Figure  25.8.  — Dunitic  aggregates  found  in  Kiluue*  Iki  lava  lake.  A,  Olivine 
aggregate  and  hot!  in  KI8I -I  — 181.5,  quenched  from  1,010- 1 ,030  *C  in  1981. 
Field  of  new  m I cm  across.  The  aggregate  consist!  of  areas  of  fine  grained 
polygonal  mosaic  of  olivine,  with  coarser,  more  euhedral  olivine  present  along  the 
edge  or  Oowrr  right)  within  the  mosaic  At  the  left  end  of  the  aggregate,  the  mosaic 
h in  three!  contact  with  the  groundmass  of  the  boat.  Crossed  me  oh  B,  Close-up  of 
polygonal  mosaic  in  aggregate  m KJ8I— I— 181.5.  Field  of  view  I mm  across. 
Most  grains  are  ok  vine  Moat  of  the  ok  vine  grains  contain  a central  swarm  of  tiny 
me  his  tons  (see  yellow  grains  m center).  Chromite  grams  (opaque)  occur  at  margini 
of  olivine  Minor  interstitial  pJagsoclase  and  augitr  are  present  locally.  Crossed 
meats  C,  Close  up  of  the  smaller  okvmr  aggregate  from  KI67 -2-87  9. 


quenched  from  1 ,090  **C  in  1967.  Gram  boundaries  intersect  at  angles  near  120* 
at  triple  junctions,  but  are  otherwise  curvilinear,  so  that  gram  shapes  are  irregular. 
The  color  variation  seen  in  the  tan  okvmr  grams  reflects  zoning  toward  the  boat;  it 
follows  the  outline  of  the  aggregate,  not  of  individual  grains.  Black  grams  within 
the  aggregate  are  chromite  Fuzzy  inclusions  are  healed  discoid  fractures  containing 
asterisk- kke  inclusions  of  brown  glass  and  chromite.  Field  of  view  is  4 mm  acroaa. 
Nicoh  partly  crossed.  D,  Olivine  aggregate  (10  by  14  mm)  m sample 
KI79—S— 171.4,  quenched  from  950-980  *C  in  1979.  Tins  aggregate  has  been 

extensively  penetrated  by  mdt,  now  visible  as  mlerstitiaJ  groundmass -sue  cryslak. 
Il  contains  local  areas  of  polygonal  ok  vine,  surrounding  coarser  deformed  olivine 
(the  green  grains  on  right  ndeX  and  areas  of  randomly  onmied  euhedral  olivine 
(center  and  left}  Crossed  nscols. 


In  summary,  then,  rare  d uni  tic  aggregates  have  been  found  in 
Kilauea  Iki  lava  lake.  The  textures  of  the  various  aggregates,  which 
record  multiple  deformation  events,  multiple  annealing  events,  and 
(or)  rapid  decompression,  match  those  observed  in  ultramafic 
xenoliths  of  mantle  origin.  The  fact  that  the  history  recorded  in  these 
aggregates  appears  to  predate  entirely  their  incorporation  in  the 
1939  lava  implies  that  all  aggregates  are  xenolilhic.  To  the  extent 
that  class  I and  class  5 olivine  grains  in  the  1959  lava  are  derived  by 
disaggregation  from  similar  preexisting  dunite,  crystals  in  those 
classes  may  likewise  be  considered  xenocrystic. 


OLIVINE  PHENOCKYSTS  AND  DUNIT1C 
AGGREGATES  IN  OTHER  HAWAIIAN  ROCKS 

Olivine  is  virtually  ubiquitous  as  a phenocryst  phase  in 
Hawaiian  tholeiites  and  mafic  alkalic  rocks.  With  the  petrographic 
description  of  the  phenocrysts,  megacry sts,  and  dense  aggregates 
found  m the  Kilauea  Iki  lava  in  hand,  it  is  now  appropriate  to  review 
the  information  available  on  the  petrography  of  olivine  from  other 
Kilauea  lava  and  from  those  of  other  Hawaiian  volcanoes. 

No  comparably  detailed  petrographic  work  on  Kilauea 
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olivines  has  been  done  previously.  Even  studies  focused  on  the 
picritic  lava  of  Kilauea  (Macdonald,  1944;  Muir  and  Tilley,  1957; 
Murata  and  Richter,  1966a,  1966b)  have  not  mentioned  the 
occurrence  of  kink-banded  olivine,  for  txample.  Therefore  I have  re- 
examined all  of  the  thin  sections  of  subaerial  Kilauea  basalt  available 
to  me,  with  the  present  classification  scheme  in  mind.  The  available 
sections  included  samples  of  the  historical  eruptions  described  in 
Wright  (1971 X including  the  1920  eruption,  the  relatively  magnesian 
1921  summit  eruption,  and  the  1840  east-rift  picrite.  In  addition, 
samples  of  the  1977,  Apnl  1982,  and  September  1982  eruptions, 
and  samples  of  phases  I -8  of  the  ongoing  (as  of  January  1 986)  Puu 
Oo  eruption  have  been  examined.  The  earlier  samples  were  avail- 
able only  as  covered  thin  sections;  for  the  1977-1983  samples, 
polished  sections  were  available  for  examination. 

One  good  example  of  a kink- banded  olivine  phenocryst  was 
found  in  this  search,  in  TLW  67- 1 g,  the  most  magnesian  lava  of 
the  1920  southwest-rift  eruption  (Wight,  1 97 1 X N o other  class  I or 
probable  class  5 olivine  has  been  observed  in  any  of  them.  The 
olivine  phenocyrsts  present  all  fall  in  class  2 of  the  present  classifica- 
tion system,  being  either  euhedral  or  skeletal.  Skeletal  grains  are 
much  more  common,  proportionately,  than  they  are  in  Kilauea  Iki 
samples.  Resorbed  grains,  though  present  (in  some  Puu  Oo  sam- 
ples, for  instanceX  arc  rare. 

The  olivine-rich  precaldera  intrusive  rocks  etposed  in  Kilauea  s 
caldera  wall,  including  the  Uwekahuna  laccolith,  were  also  exam- 
ined, with  the  thought  that  they  might  represent  samples  of  olivine- 
rich  sludge  from  the  bottom  of  Kilaueas  summit  reservoir.  The 
olivine  phenocrysts  in  these  intrusives  are  uniform  in  grain  size  (1-5 
mm  long)  in  contrast  to  the  more  variable  olivine  ui  Kilauea  Iki  (see 
fig.  25. 3X  Planar  extinction  discontinuities  were  observed  in  very 
few  grains.  These  grams  are  small,  and  the  bands  very  faint.  In 
about  one- half  the  cases,  the  discontinuities  exist  only  at  the  margin 
of  the  grain  and  arc  absent  from  the  interior.  No  such  grains  have 
been  observed  in  the  1959  lava,  and  it  is  not  clear  whether  these 
marginal  extinction  discontinuities  arc  deformation  or  growth  fea- 
tures. 

Examination  of  the  submarine  east -rift  lava  described  by 
Moore  (1965)  turned  up  deformed  olivine  in  two  samples.  No. 
1742,  from  1,400  m below  sea  level,  and  No.  1706,  from  5,000  m 
below  sea  level.  Another  dredged  sample  of  Kilauea  east-rift  lava, 
shown  to  me  by  M.O.  Garcia  (University  of  Hawaii)  also  contains 
good  examples  of  blocky.  deformed  olivine  crystals,  strikingly  similar 
to  those  in  the  1959  lava. 

In  addition  to  these  instances  of  kink -banded  olivine  in  Kilauea 
tholeiite,  such  olivine  has  been  reported  from  tholeiite  of  Hualalai, 
dredged  from  2 km  below  sea  Icvd  (Claguc,  1982)  and  in  one 
Haleakala  tholeiite  in  the  suite  studied  by  Chen  and  Frey  (1983) 
(C.-Y.  Chen,  written  cotnmun.,  I984X  Thus,  the  kink-banded 
olivine  in  the  1959  Kilauea  tholeiite  are  not  unique.  However,  they 
appear  to  be  virtually  absent  from  other  subaenal  Kilauea  erup- 
tions. 

Dumtic  aggregates  containing  deformed  olivine  and  (or) 
mosaics  of  unstrained  grains  occur  very  widely  in  alkalic  rocks  in 
Hawaii,  flicy  have  been  described  from  Hualalai  (Kirby  and 


Green,  I960;  Jackson  and  others,  1 98 IX  from  the  Honolulu 
Volcanic*  (formerly  the  Honolulu  Volcanic  Series;  Jackson  and 
Wright,  1970;  Sen,  I983X  and  from  Loihi  Seamount  (Moore  and 
others,  1982;  Rocdder,  I983X  Other  reports  of  similar  materials  in 
Hawaiian  tholeiite  are  lacking,  however.  Jackson  ( 1 968X  in  his  very 
extensive  survey  of  coarse-grained  xenoliths  in  Hawaiian  rocks, 
stated  that  all  coarse-grained  xenoliths  he  had  found  m tholeiitic 
lavas  were  cumulates,  and  that  “none  of  the  minerals  is  strained  or 
deformed”  (Jackson,  1968,  p.  I42X  He  further  presented  data 
showing  that  pure  olivine  rocks,  containing  no  other  cumulus  or 
interstitial  phases,  were  very  rare  in  Hawaiian  tholeiite.  The 
deformed  dumtic  aggregates  found  in  Kilauea  Iki  appear  to  be  the 
first  such  material  recognized  in  any  Hawaiian  tholeiite. 

OLIVINE  AND  GLASS  COMPOSITIONS: 
ERUPTION  PUMICE 

This  section  presents  compositional  data  on  olivine  and  glass  in 
the  eruption  samples.  Of  particular  interest  are  (I)  variations  in 
composition  and  zoning  of  the  olivine  phenocrysts  as  a function  of 
petrographic  class  and  of  time,  (2)  variations  in  average  glass 
composition  with  time,  and  (3)  more  detailed  data  on  the  glasses 
immediately  adjacent  to  olivine  phenocrysts  in  the  eruption  pumice. 
As  will  become  evident,  these  rapidly  quenched  samples  preserve  a 
significant  amount  of  internal  disequilibrium,  as  might  be  expected  in 
an  eruption  long-recognized  as  involving  magma  mixing  (Wright. 

I973X 

Analyses  of  representative  olivine  grains  are  presented  in  table 
25.3.  These  analyses  cover  the  range  of  phenocryst  composition 
observed.  The  forsterite  contents  shown  are  reproducible  to  ±0.1 
percent,  MnO  ±0.02  percent,  CaO  to  ±0.03  percent  absolute. 
NiO  is  more  variable,  reproducible  to  perhaps  ±0.05  percent 
absolute,  die  intragrain  chemical  variation  (see  table  25.3,  columns 
I and  2,  for  example)  is  modest,  but  it  exceeds  the  analytical 
uncertainty  and  is  generally  systematic,  with  the  cores  being  uniform 
and  all  variation  (zoning)  confined  to  the  rims.  There  are  a few 
grains,  especially  in  the  later  samples,  where  forsterite  content  vanes 
more  irregularly,  but  the  total  range  of  intragrain  variation  in  these 
grains  is  Sa0.8  mol  percent  Fo.  Therefore,  it  seems  justifiable  to 
document,  and  to  interpret,  the  zoning  patterns  of  most  of  these 
olivines. 

Table  25.4  includes  average  glass  compositions  for  the  fifteen 
eruption  samples  studied.  These  include  only  glass  analyses  taken 
some  distance  (>l  mm)  away  from  the  olivine  phenocrysts.  All  of 
the  glass  compositions  arc  olivine-controlled  (Powers,  1955; 
Wright,  1971);  that  is.  they  are  related  to  each  other  chiefly  by 
addition  or  removal  of  olivine  (±chromiteX  the  only  phenocryst 
phase  present.  Hence,  the  most  variable  component  is  MgO,  which 
ranges  from  6.35  to  10.03  weight  percent  and  is  reproducible  to 
±0.10  percent.  Other  oxides  are  less  variable:  total  iron  as  FeO 
only  varies  from  11.00  to  11.65  percent,  for  example.  As  docu- 
mented in  Helz  and  Ihombcr  (in  press X the  MgO  content  of 
Kilauea  glass  in  equilibrium  with  olivine  varies  linearly  with  tem- 
perature and  appears  to  be  a usable  geothermometer.  The  quenching 
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temperature  assigned  each  glass  in  table  25.4  is  based  on  this 
calibration. 

OLIVINE  PHENOCRYST  COMPOSITION  VERSUS 
PETROGRAPHIC  CLASS 

Olivine  compositional  data  as  a function  of  the  petrographic 
classes  established  above  are  presented  in  figures  25.9 A-B  and 
25.10.  Figure  25. 9A  shows  histograms  of  the  forsterite  content  of 
the  cores  of  all  the  olivine  phenocrysts  analyzed  to  date.  Each 
symbol  corresponds  to  one  analyzed  point.  For  grains  showing 
<0.5  percent  variation  in  forsterite,  all  points  are  plotted.  Most 
such  grains  are  strongly  resorbed  (class  3 or  I ) or  fragmental  (class 
4)  and  may  not  have  any  real  rims  preserved  on  them. 

The  most  important  feature  of  figure  25.9 A is  that  there  is  i 
octensive  overlap  in  core  compositions  between  the  euhedral  class  2 
olivine  and  the  less  regularly  shaped,  kink-banded  and  (or)  sulfide- 
bearing olivine  in  classes  I and  5.  Class  I and  5 cores  octend  to 
higher  forsterite  contents  (88.7  percent X and  class  2 cores  to  lower 
forsterite  contents  (85.0  percent X but  the  bulk  of  both  subsets  fall 
between  85  and  88  percent  Fo.  The  class  3 and  4 grains  are  not 
distinctive,  with  most  having  86.5-87.7  percent  Fo.  It  should  be 
noted  that  the  composition  of  olivine  from  phase  I (which  made  up 
most  of  the  lake;  see  fig.  25.2)  is  no  different  from  that  of  olivine  in 
the  later  phases,  accept  that  the  most  iron-rich  class  2 grains  are 
absent. 


TABLE  25.5.  — Competition  of  selected  olivine  grains  from  the  1959  eruption 
pumice,  shooing  extremes  of  composition  and  zoning 
[Oude  in  weight  percent  j 
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Most  of  the  olivine  phenocrysts  in  the  eruption  samples  are 
zoned,  and  figure  25.9 B summarizes  the  available  data  on  zoning 
patterns  for  the  same  population  of  grains  whose  core  compositions 
were  given  in  figure  25. 9A.  Most  grains  vary  over  a range  of  3 
percent  Fo  or  less,  the  zoning  generally  being  confined  to  the 
outermost  10-30  pm  of  the  crystal.  Only  two  small  class  2 grains 
are  more  strongly  zoned,  showing  as  much  as  an  8 percent  decrease 
in  Fo  from  core  to  rim.  The  class  3 and  4 grains  are  essentially 
unzoned. 

Three  features  of  figure  2b. 9 B are  particularly  noteworthy. 
First,  normally  zoned  and  reversely  zoned  grains  are  almost  equally 
abundant.  Second,  there  is  little  difference  between  the  euhedral 
class  2 grains  and  the  class  I and  5 grains  in  this  respect.  If 
anything,  reverse  zoning  is  more  frequent  in  the  class  2 population. 
Lastly,  the  olivine  phenocrysts  analyzed  so  far  from  phase  I samples 
are  mostly  either  reversely  zoned  or  unzoned.  Normally  zoned 
phenocrysts  do  not  become  common  until  phase  2. 

The  variation  in  NiO  content  of  olivine  cores  for  this  same 
population  of  grains  is  shown  in  figure  25.10.  NiO  content  was  of 
particular  interest  because  potentially  it  might  allow  one  to  dis- 
tinguish between  cognate  and  xenocrystic  (peridotile- derived) 
olivine,  or  perhaps  between  olivine  that  coexisted  with  sulfide  and 
olivine  that  did  not.  As  can  be  seen  in  figure  25.10,  however,  the 
various  populations  appear  not  to  have  distinctive  NiO  contents. 
The  few  class  5 sulfide-bearing  grains  in  the  eruption  pumice  tend  to 
fall  below  the  median  NiO  content  for  the  class  I + 5 grains  overall, 
but  even  here  the  difference  is  not  very  marked.  (It  should  be  noted 
that  all  the  sulfides  in  the  class  5 grains  in  the  eruption  samples  are 
tiny,  hence  do  not  unequivocally  predate  entrapment  and  therefore 
do  not  prove  that  the  basaltic  melt  from  which  the  olivine  in  fig. 
25. 10  grew  was  sulfide-saturated.)  From  the  analyses  in  table  25.3 
one  might  suppose  that  there  was  a positive  correlation  between  NiO 
and  forsterite  contents,  but  when  the  entire  data  set  is  considered 
there  is  no  such  correlation.  The  NiO  contents  observed  here 
(0. 10-0.30  percent)  are  the  same  as  reported  by  other  workers  for 
Kilauea  basalt  (Hakli  and  Wright,  1969;  Bence  and  others,  1981) 
and  other  mafic  rocks  (Fleet  and  others  1977;  Fleet  and  MacRae, 

I983X 

It  is  evident  from  figures  25.9 A-B  and  25. 10  that  the  various 
petrographic  classes  of  olivine  described  earlier  are  not  distinct  with 
respect  to  Fo  content  or  NiO  content  or  style  of  zoning.  They  are 
not  distinguishable  on  the  basis  of  MnO  or  CaO  contents  either. 
This  suggests  that  the  olivine  grains  formed  under  some  continuous 
range  of  conditions  and  that  none  of  the  classes  can  be  singled  out  on 
the  basis  of  composition  as  being  xenocrystic  to  their  host. 

The  results  presented  above  are  slightly  at  variance  with  those 
of  some  earlier  workers.  Richter  and  Murata  (1966)  reported  that 
large  blocky  olivine  phenocrysts  were  magnesian  (Fo^^)  and 
small  euhedral  olivine  crystals  more  iron-rich  (Fo^X  Certainly 
individual  crystals  can  be  found  with  these  characteristics,  but  the 
composition  ranges  of  the  two  populations  overlap  almost  com- 
pletely. Even  the  microphenocrysts  (not  shown  in  figs.  25.9A-B, 
25. 10)  range  from  Fofi7  to  Fo74.  Thus,  the  various  olivine  groups 
cannot  be  considered  to  be  successive  generations  of  crystals  grown 
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TABLE  25.4.  — Composition  of  glau  may  from  oHvtne  phenocrysts  m selected  samples  of  the  1959  Kilauea  eruption  pumice 
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FORSTERITE  CONTENT  Of  OLIVINE  PHENOCRYST 
CORES,  IN  MOL  PERCENT 


DIFFERENCE  OF  FORSTERITE  CONTENT, 
CORE  MINUS  RIM,  IN  OLIVINE  PHENOCRYSTS. 
IN  MOL  PERCENT 


FIGURE  25.9.  — Compositional  dal  a for  olivine  phenocrysls  from  the  1959  Kilauea 
eruption  Shaded  squares,  ohvme  from  phase  I ; open  squares.  olivine  from 
later  phases.  A . Frequency  distribution  d forsterite  content  d (be  tores  d olivine 
phenocrysts  in  eruption  samples.  Each  square  represents  une  analyzed  point.  B. 


Frequency  dutnbutson  d different  types  d Mg-Fe  zoning  observed  m divine 
phenocrysts  in  eruption  samples,  for  the  same  divine  population  os  in  hg.  25. 9A. 
Each  square  represents  one  grain.  Negative  abscissa  values  indicate  reverse 
zoning. 
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NICKEL  OXIDE  CONTENT  OF  OLIVINE  PHENOCRYST 
CORES.  IN  WEIGHT  PERCENT 


FlCURE  25.10.  — NiO  content  of  the  com  of  olivine  phenocrysts  in  the  1959 
Kilauea  eruption  samples,  for  the  same  population  of  obvinr  gram*  as  in  fig  25.9. 
Each  Kjiurr  represents  one  analyzed  point.  There  are  fewer  points  in  this  figure 
than  in  figure  25  9 because  Ni  was  not  always  analyzed  for.  Shaded  squares,  phase  I 
olivine,  squares  with  x,  class  5 olivine,  from  phases  2-16;  open  squares,  other 
olivine  from  phases  2-16.  The  calculated  limit  of  detection  of  NiO  is  0. OB  weight 
percent. 


from  a single  batch  of  magma. 

The  data  in  figure  25.9 B,  showing  that  most  olivine  phe- 
nocrysts are  zoned,  are  superficially  in  conflict  with  Leeman  and 
Scheidegger  s (1977)  statement  that  the  olivine  in  the  1959  eruption 
is  not  zoned.  This  is  a question  of  semantics,  however:  Leeman  and 
Scheidegger  chose  to  regard  any  grain  that  varied  by  less  than  5 
percent  Fo  as  unzoned,  and  it  is  true  that  strongly  zoned  grains  are 
rare  in  the  1959  lava. 

OLIVINE  PHENOCRYST  COMPOSITIONS  VERSUS  TIME 

It  is  evident  from  figure  25.9A-B  that  olivine  compositions 
and  zoning  patterns  vary  slightly  from  phase  to  phase  of  the 
eruption.  These  variations  from  sample  to  sample  are  shown  in 
figure  25. 1 1.  Note  that  in  this  figure,  in  contrast  to  figures  25.9 A 
and  25. 10,  symbols  correspond  to  more  than  one  analyzed  point. 
For  (sample,  in  sample  Iki-ll,  three  grains  have  been  analyzed, 


one  each  from  classes  I,  2,  and  5.  There  are  six  analyzed  core 
points  and  three  run  points  on  the  class  5 grain,  but  some  of  the  core 
points  fall  on  top  of  each  other,  so  are  not  visible  as  separate  points 
in  figure  25. 1 1.  Average  MgO  content  of  the  glass  in  each  sample 
(see  table  25.4)  is  plotted  below  the  olivine  data.  The  range  of 
MgO  content  shown  is  that  observed  in  glass  more  than  I mm  away 
from  any  olivine  phenocryst.  The  fields  in  figure  25.1 1 outline  the 
range  of  core  compositions  for  the  two  groups  of  olivine. 

As  noted  above,  olivine  is  sparse  in  the  cool  (1,140-1,145 
°C\  early  phase  I samples.  The  olivine  grains  are  small  and 
euhedral,  but  with  variable  zoning.  Iki-22,  the  first  of  the  olivine- 
rich  samples,  has  a much  more  magnesian  glass  with  a quenching 
temperature  of  I ,21 7 °C  (see  table  25.4)  and  a phenocryst  popula- 
tion of  large,  reversely  zoned  olivine  crystals.  Previous  workers 
(Leeman  and  Scheidegger1  1977;  Ford  and  others,  1983;  Harris 
and  Anderson,  1983)  have  noted  that  the  cores  of  these  olivine 
phenocrysts  would  be  in  equilibrium  with  the  glass  in  the  sample  at 
about  1,250  °C.  None  has  reported  the  existence  of  the  more 
magnesian  rims,  however. 

In  contrast  to  Iki-22,  Iki-44  has  only  fairly  magnesian  olivine 
grains  in  it,  all  virtually  unzoned.  The  glass  in  this  sample  was 
quenched  from  a lower  temperature  (1 , 189  °C)  than  that  in  Iki-22. 
The  glass  in  Iki-7  is  similar  to  that  m Iki-44  but  it  includes, 
besides  magnesian,  unzoned  olivines  like  those  in  Iki-44,  reversely 
zoned  euhedral  olivines,  some  of  which  are  shown  in  figure  25.4C. 
Thus,  in  phase  I we  see  a large  range  in  glass  composition  and  a 
significant  range  in  olivine  composition  (Fom  to  Fo^  However, 
there  is  no  correlation  between  glass  composition  and  olivine  core 
composition,  olivine  rim  composition,  or  the  style  of  zoning,  if  any. 
As  noted  above,  all  large  zoned  olivine  grains  in  phase  I are 
reversely  zoned. 

Phase  2 (Iki-ll)  contains  the  first  coarse,  normally  zoned 
olivine,  in  addition  to  reversely  zoned  crystals.  The  crystals  do  not 
converge  on  a common  rim  composition,  however:  the  class  I crystals 
range  from  Fog7  8 (core)  to  FoH5  (rim),  whereas  the  class  2 crystals 
go  from  Fo85  (core)  to  Fo87  4 (run).  Further  evidence  of  internal 
disequilibrium  is  the  observation  that  the  glass  in  this  sample  is 
appreciably  more  heterogeneous  than  that  in  any  individual  phase  I 
sample,  with  MgO  ranging  from  8.07  to  8.60  percent,  for  glasses 
well  away  from  olivine. 

Phase  3 (Iki-9),  like  Iki-58  from  phase  I,  though  olivine- 
poor,  does  not  contain  a uniform  olivine  population.  Only  two  small 
class  2 oh  vines  occur  in  the  thin  section,  but  they  show  very  different 
zoning  patterns:  one  ranges  from  Fo87  4 to  Fo^  , and  is  euhedral  at 
the  edges;  the  other  varies  from  Fo^  ()  to  Fo83  , and  is  resorbed  at 
the  edges.  The  glass  in  this  sample  was  quenched  from  a lower 
temperature  (1,154  °C)  and  is  more  differentiated  than  that  in  any 
but  the  earliest  phase  I samples. 

Phase  4 glass  (Iks—  1 3)  is  again  more  magnesian,  with  a 
quenching  temperature  of  1,1%  °C,  and  the  glass  is  more  hetero- 


1 Lmun  and  ScMenrr  1 1977.1  relit  to  Iki  22  as  Kl  - 7 and  to  what  h probably  lki-7  at 
KI-22  TW  n a numbering  nuup  Iki-22  has  a unique  high-MgO  glass  not  found  in  any  other 
phase  I puniM  e l ord  and  others  (1903k  uwig  Leeman  and  ^vhenJUggrr'i  data,  reprudwr  thr 
same  itimdirmg  nro* 
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FIGURE  25, 1 1 , — CompoutioA  of  okvme  pbawcry»1»  (mof  percent  Fo)  And  of  glass 
(weight  percent  MgO)  hi  samples  from  the  1959  eruption  of  Kilauea,  plotted 
again*!  the  dales  of  erupt**  and  quenching  Foe  olivine,  each  symbol  includes  all 
analyzed  points  on  a given  gram  having  the  same  composition.  rounded  to  0, 1 
percent  Fo.  Ail  data  from  a given  grain  are  connected  by  a line.  Solid  circles, 
analyzed  points  from  ibe  cores  of  grams;  open  circle*,  points  around  the  rmw  of  the 


same  grains  Grams  in  classes  I.  3.  4 and  5 are  individually  labeled.  Arrows 
pointing  toward  rim  compoubocis  emphasize  the  direcUon  of  zoning.  For  glass,  the 
smal  dots  gin  the  average  MgO  content  of  glam,  from  table  25.4.  whereas  the 
bar  mchrates  the  total  range  of  MgO  content  observed,  for  glass  more  than  I mm 
away  from  olivine 


gencous  than  any  other  sample,  with  MgO  varying  from  8.70  to 
9.48  percent.  Phase  5 (Iki-14)  contains  a still  hotter  (1,205  ^C) 
but  more  uniform  glass,  with  9.32  to  9.55  percent  MgO.  In  both 
samples,  olivine  phenocrysls  are  weakly  zoned,  in  both  normal  and 
reverse  senses,  and  are  consistently  magnesian  (FoK7  5 to  Fo^  0). 

Phase  6 is  not  represented  here.  Phase  7 (Jki-20)  is.  again,  a 
cooler  phase  (1,181  °C),  though  not  as  differentiated  or  olivine  poor 


as  phase  3.  The  olivine  population  within  the  section  is  more  diverse 
than  ever:  Both  normally  and  reversely  zoned  grains  are  present, 
and  the  class  2 olivine  exhibits  a wide  range  of  core  compositions 
(hoa7  ^ to  Foft}  ^).  For  the  first  time,  however,  the  rim  compositions 
of  the  different  grams  converge  toward  a common  composition,  as 
though  they  had  been  trying  to  equilibrate,  either  with  each  other  or 
with  a common  meh. 
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Phase  8 (lki-21 ) is  hotter  again  (1 , 197  °C)  and  very  olivine- 
nch,  with  a very  heterogeneous  olivine  population.  As  in  phase  7, 
the  rims  of  the  various  class  2 grains  appear  to  be  converging  on  a 
common  composition.  This  sample  contains  the  most  magnesian 
(F°s«.  i ) class  2 olivine  found. 

Phase  9 (Iki-24,  see  hg.  25.3)  contains  a slightly  cooler 
(1,188  °C)  glass.  Like  lki-21,  it  contains  a very  varied  group  of 
olivine  crystals,  with  the  class  I grams  converging  on  a common  run 
composition.  It  also  contains  the  only  strongly  zoned  grain  (Fo87  ^ 
to  Fo79  3)  found  since  phase  3,  and  the  most  magnesian  olivine 
(F°88  7)  ,n  the  whole  analyzed  population  shown  in  figure  25.11. 

From  phase  10  through  phase  16  (samples  Iki-26,  Iki-32, 
and  Iki  — 33).  glass  composition  is  constant,  implying  uniform 
quenching  temperatures  of  1,188-1,190  °C.  The  glass  is  quite 
homogeneous,  away  from  olivine,  within  each  section.  The  olivine 
grains  are  either  normally  zoned  or  unzoned;  none  shows  pronounced 
reverse  zoning.  Also,  although  core  composition  remains  quite 
varied,  olivine  rim  compositions  are  consistently  more  iron-rich 
(FoH5  ^ to  Fo8„)  than  in  all  previous  phases  but  phase  3.  l~his 
trend  toward  simpler,  better  equilibrated  olivine  compositional  varia- 
tions begins  earlier  than  the  simplification  in  the  petrographic 
variants,  which  is  confined  to  phases  16  and  17  (see  table  25.1} 

COMPOSITION  OF  GLASS  ADJACENT  TO 
OLIVINE 

The  glass  compositions  presented  in  table  25.4  and  discussed 
above  are  those  found  more  than  I mm  away  from  any  olivine 
phenocryst.  Glass  closer  to  olivine  grains  is  more  variable  in 
composition,  in  ways  that  cannot  be  explained  as  the  resuh  of  quench 
overgrowths  on  olivine.  This  section  presents  data  on  selected  pairs 
of  olivine  nm  and  adjacent  glass  that  illustrate  both  this  greater 
variation  in  the  glass  and  its  apparent  correlation  with  the  condition 
(euhedral  or  resorbed)  of  the  adjacent  olivine  nm. 

The  olivine  rim  compositions  (shown  in  hg.  25. 1 1 ) were  taken 
on  points  within  10  pm  (and  usually  within  3-5  pm)  of  the  contact 
of  the  olivine  with  the  glass.  The  adjacent  glass  analyses  are  taken  at 
distances  of  20-30  pm  away  from  the  contact.  Most  of  the  rim 
points  shown  in  figure  25. 1 1 have  a corresponding  analysis  of 
adjacent  glass.  From  this  data  set,  figure  25.12  includes  data  on 
only  three  samples:  two  phase  I samples  (Iki— 22.  Iki-44)  and  the 
latest  analyzed  sample  (Iki- 33,  from  phase  1 6X 

In  Iki -22,  glass  adjacent  to  the  large  reversely  zoned  phe- 
nocrysts  is  less  magnesian  than  glass  elsewhere  in  the  section. 
Around  the  edge  of  each  crystal,  glass  adjacent  to  euhedral  comers 
and  faces  is  more  magnesian  than  glass  adjacent  to  resorbed  edges. 
Some  of  this  resorption  is  very  local  (hg.  25.13}  It  is  possible  that 
all  the  adjacent  glass  has  been  depicted  in  MgO  by  growth  of  olivine 
during  quenching,  but  the  variation  within  the  adjacent  glass  cannot 
be  so  explained;  the  analyzed  points  are  all  equally  far  from  olivine. 

The  glass  in  Iki  44  is  less  magnesian  and  the  olivine  more 
magnesian  than  Iki -22,  as  noted  above.  Here  we  see  data  from  four 
different  grains,  two  in  a cluster  and  two  isolated  phenocrysts. 
Three  of  these  grains  have  adjacent  glass  analyses  with  MgO 


MAGNESIUM  OXIDE  CONTENT  OF  GLASS. 

IN  WEIGHT  PERCENT 

FIGURE  25.12. — ( ompo»rt»n  of  mm  of  oimnr  phenocrysts  (mol  percent  Fo) 
plotted  i gains!  the  MgO  content  (weight  percent)  at  glut  adjacent  to  the  olivine 
nm.  for  three  samples  from  the  1959  Kilauea  eruption.  Squares,  data  from 
llu-22:  circle*,  data  from  Iki-44;  triangle*,  data  from  Iki- 32.  In  this  figure, 
potnl*  connected  by  a lute  are  from  around  the  periphery  of  a tingle  gram.  Data 
within  a circle  represent*  point*  on  two  or  more  different  gram*  from  a clutter  of 
oh  vine  grain*  The  double-ended  arrow  thow*  the  range  of  MgO  in  glass  more 
than  I mm  from  olivine  for  each  of  the  samples.  The  uncertainty  ui  Fo  and  m MgO 
is  ±0.1  percent. 


FiGUKF.  25.13.—  l.argr  olivine  grain  from  Iki -22.  showing  euhedral  form  locally 
modified  by  resorption.  Cuspate  edge*  like  thu  are  alio  visible  m figure  25.4E. 
Field  of  nnr  2 mm  across.  Crossed  meals. 
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contents  close  to  the  average  MgO  content  of  the  distant  glass;  these 
glasses  appear  to  be  unaffected  by  any  quench  overgrowths  on 
olivine.  The  fourth  grain  is  surrounded  by  a sheath  of  variable,  but 
less  magnesian  glass,  some  of  which  is  grossly  different  in  composi- 
tion from  glass  elsewhere  in  the  thin  section.  As  in  Iki— 22,  the 
euhcdra!  parts  of  this  crystal  have  relatively  magnesian  glass  adja- 
cent to  them,  while  the  resorbed  parts  are  next  to  glass  with  7 
percent  MgO. 

Iki— 33  provides  evidence  that  this  same  kind  of  heterogeneity 
was  present  almost  to  the  end  of  the  eruption.  One  grain,  completely 
euhedral,  is  surrounded  by  glass  identical  to  the  distant  glass.  An 
adjacent  resorbed  grain  is  surrounded  by  glass  with  significantly  less 
MgO.  The  cluster  of  euhedral  grains  shown  in  figure  25.6A-B  lies 
in  a pool  of  glass  with  8 percent  MgO;  these  grains  show  only  minor 
resorption.  A last  grain,  of  class  I,  is  surrounded  by  a sheath  of 
glass  with  7.2  to  7.7  percent  MgO  and  is  strongly  resorbed  on  all 
sides. 

Similar  patterns  occur  in  the  other  eruption  samples  analyzed 
so  far.  The  main  variants  may  be  summarized  as  follows: 

(1 ) In  the  Erst  type  of  rim-glass  relationship,  the  adjacent  glass 
contains  0.2  to  1.5  weight  percent  less  MgO  than  the  glass  more 
than  1 mm  away  from  olivine.  The  enclosed  olivine  shows  signs  of 
resorption,  such  as  rounding  of  comers  and  wavy  or  cuspate 
margins,  as  seen  in  figures  25. AE,  25. 5A,  and  25.13.  Resorption 
may  be  partial,  or  the  entire  run  of  the  crystal  may  be  affected. 
Glass  next  to  resorbed  surfaces  is  consistently  less  magnesian  than 
glass  adjacent  to  euhedral  comers  and  edges,  even  on  the  same 
gram.  A dozen  such  grains,  partly  or  completely  rimmed  by  low- 
MgO  glass,  have  been  found.  They  occur  in  samples  Iki— 7,  11,9, 
14,  20,  24,  and  32,  in  addition  to  the  samples  in  figure  25.12. 

(2)  In  the  second  type  of  rim-glass  relationship,  the  adjacent 
glass  has  a composition  essentially  equal  (within  ±0.2  weight 
percent  MgO)  to  that  of  the  more  distant  glass.  There  is  no 
correlation  between  crystal  form  and  glass  composition;  the  grain 
may  be  locally  resorbed  or  completely  euhedral.  Thirty-one  such 
grains  have  been  analyzed,  of  which  12  are  essentially  euhedral. 

In  addition,  there  are  two  small  euhedral  grains,  one  in  Iki— 9 
and  the  other  in  Iki- 32,  which  have  skins  of  low-MgO  glass  but 
show  little  resorption,  like  the  cluster  of  grains  in  Iki- 33  (fig. 
25.6 A-B\  No  cases  are  known  in  which  an  olivine  grain  has  a 
sheath  of  glass  appreciably  more  magnesian  (>0.2  percent  MgO) 
than  the  distant  glass. 

Ilie  existence  of  these  boundary  layers  (or  sheaths)  of  con- 
trasting glass  composition  was  not  evident  from  petrographic  exam- 
ination. as  no  color  difference  exists  between  the  various 
compositions;  their  presence  was  only  delected  with  the  microprobe. 
These  M gO-poor  boundary  layers  cannot  simply  result  from  quench 
overgrowth  on  olivine,  because  31  out  of  46  grains  do  not  have  them. 
Sheathed  grains  arc  not  rare,  though;  they  make  up  30  percent  of  the 
grains  analyzed.  The  possibility  that  olivine  (or  other)  crystals  might 
carry  a boundary  layer  of  melt  with  them  as  they  move  has  been 
suggested  before  (Helz,  I980X  but  the  layers  themselves  have  not 
previously  been  observed . 


COMPOSITION  OF  OLIVINE  IN  THE  LAKE 

The  rapidly  quenched  eruption  pumice  samples  preserve  many 
sorts  of  disequilibrium  and  evidence  of  magma  mixing.  Olivine 
pbenocrysts  in  the  lake,  by  contrast,  have  had  months  or  years  to 
exchange  Mg  for  Fe  with  the  surrounding  host  liquids  before  being 
quenched  during  drilling.  Table  25.5  presents  data  for  olivine  in  the 
aggregates  and  megacrysts  described  in  table  25.2.  These  grains 
differ  from  isolated  phenocrysts  in  the  same  samples  in  that  core 
compositions  may  be  slightly  more  forsteritic,  but  they  are  otherwise 
quite  representative  of  phenocrystic  olivine  in  the  lake. 

The  shallow  samples  (Id — 1 13  and  KI76-2-20.5  in  table 
25.5)  show  strong  normal  zoning,  from  Fo^  ^ (cores)  to  Fo7ft_72 
(rims).  Such  extensive  zoning,  with  a range  of  10-14  percent  Fo,  is 
unknown  so  far  in  the  eruption  samples.  This  zoning  probably 
developed  in  the  lake,  during  crystallization  of  the  groundmass. 
Note  that  the  holocrystalline  sample  (KI76-2-20.5X  quenched 
from  about  100  °C,  shows  more  extensive  zoning  than  the  KI-1 13 
clot,  which  was  quenched  from  1 ,090  °C.  Extensive  normal  zoning 
of  this  sort  is  common  in  divine  phenocrysts  in  older  Hawaiian  lava 
flows  (Maaloe  and  Hansen,  1982)  In  the  flows,  some  uncertainty 
exists  over  whether  the  narrow,  iron-rich  rims  arc  overgrowth*  or 
result  from  exchange  of  Fe  and  Mg  between  preexisting  olivine  and 
the  differentiating  meh.  In  these  lake  samples,  there  is  no  ambiguity; 
the  zoning  is  produced  by  re-equilibration,  not  by  overgrowth. 

Samples  from  deeper  in  the  lake  show  progressively  less 
zoning,  always  in  the  normal  sense.  In  KI67-2-87.9  (table  25.5) 
the  range  in  forsterite  content  ts  10  mol  percent.  The  intragrain  color 
variations  seen  in  the  olivine  cluster  in  figure  25.8 D are  produced  by 
this  zoning.  It  is  evident  that  the  zoning  follows  the  outline  of  the 
whole  aggregate,  not  of  individual  grains  within  the  cluster.  In  the 
1981  samples  (table  25.5,  columns  5-6  and  9-10)  the  range  of 
forsterite  variation  is  only  4-5  mol  percent.  In  these  later  samples, 
there  is  a positive  correlation  between  maximum  forsterite  content 
and  core  quenching  temperature,  as  follows: 


Simple 

ftreeni  Fo 

Temperature  (°C) 

KI81- 1-236 

85.1 

1. 135-1. 140 

KI67-2-87.9 

82.7 

1,090 

KI81-1-I8I.5 

79.2 

1,010-1,030 

Even  more  extensive  re-equilibration  of  olivine  phenocrysts  has  been 
described  by  Moore  and  Evans  (1967)  in  samples  from  deep  within 
the  prehistoric  Makaopuhi  lava  lake.  There,  the  phenocrysts  were 
almost  unzoned  and  had  the  same  composition  as  groundmass 
olivine.  Maaloe  and  Hansen  (1982)  present  calculations  showing 
how  zoning  in  initially  forstentic  olivine  pbenocrysts  would  be 
expected  to  change  with  time,  as  exchange  of  Fe  for  Mg  proceeds. 
The  olivine  in  both  lava  lakes  follows  the  model  very  well. 

The  feature  of  these  data  most  relevant  to  the  present  paper, 
however,  is  that  they  suggest  that  even  the  largest  olivine  aggregates 
and  megacrysts  have  been  affected  by  exchange  of  Fe  and  Mg  with 
the  melt  during  slow  cooling.  The  zoning  complexities  present  in  the 
eruption  olivine  phenocrysts  arc  gone,  even  in  the  earliest  drill  core. 
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Table  25-5-  — Composition  of  othxnc  megacrysts  and  grami  in  Jurutic  aggregates  from  Kilauea  Hi  IoiXj  la^e,  1959  Kilauea  eruption 


l 

2 

3 

4 

5 

6 

7 

8 

9 10 

Sample 

KI-113 

K167 

-2-87.9 

K18I-1 

-181 .5 

K176-2 

-20.5 

K 181 -I -2  38 

type 

c lass 

1 aggregate 

class  1 

aggregate 

mosaic 

negacryst 

megacryst 

Points  in 

analysis 

3 

l 

2 

l 

5 

1 

7 

1 

4 3 

SiOj 

-39.61 

37.53 

39.82 

38.14 

38.52 

37.87 

39.70 

37.18 

39.68  38.8 

Ti02 - 

— -.00 

.00 

.04 

.07 

.00 

.00 

.00 

.01 

.00  .02 



- — .00 

.00 

.04 

.06 

.00 

.00 

.00 

.00 

.00  .01 

CrjOj 

.00 

.00 

.02 

.03 

.00 

.00 

.02 

.00 

.00  .00 

FeO— ----------- 

-11.93 

21 .95 

16.20 

24.81 

19.54 

23.26 

12.88 

25.08 

14.12  18.19 

NiO 

—.17 

.04 

- 

- 

.09 

.11 

.20 

.11 

.14  .02 

MnO— -------- -- 

- — .17 

.32 

.15 

.21 

.28 

.13 

.19 

.34 

.18  .25 

MgO- 

-47.03 

39.47 

43.62 

36.74 

41.79 

38.55 

46.49 

37.17 

45.29  42.30 

CaO 

.24 

.24 

.30 

.28 

• 15 

.17 

.22 

.20 

.23  .29 

NajO — 

.01 

.00 

.05 

.07 

.01 

.01 

.02 

.01 

.02  .02 

Total  percent 

-99.16 

99.55 

100.24 

100.43 

100.38 

100.30 

99.72 

100.10 

99.66  99.96 

Mot  percent  Fo 

87.5 

77.8 

82.7 

72.51 

79.2 

74.7 

86.6 

72.5 

85.1  B0. 6 

Location 

core 

rim 

core 

rim 

snail 

rim  of 

core 

rim 

core  rim 

largest 

grain  in 

large 

single 

center 

crystal 

aSBregate 

crystal 

of 

at  edge  of 

mosaic 

aggregate 

Quenching  0 

o 

o 

temperature  ( C) 

1090- 

1095  C 

1090  C 

1010 

-1030  C 

~ 100 

C 

1135-1140  C 

Only  the  sizes  and  textures  of  the  aggregates  and  megacrysts  may 
preserve  information  relevant  to  the  dynamics  of  the  1959  eruption. 

DISCUSSION 

The  olivine  phenocryst  population  in  the  1959  eruption  sam- 
ples is  very  heterogeneous  petrographically.  It  is  somewhat  more 
uniform  chemically,  but  zoning  patterns  are  varied,  with  normally 
and  reversely  zoned  grains  almost  equally  abundant  in  the  popula- 
tion analyzed.  There  is  no  correlation  between  petrographic  class 
and  chemical  composition.  The  petrographic  and  chemical  charac- 
teristics of  this  olivine  phenocryst  population  vary  from  phase  to 
phase  of  the  eruption,  supporting  a model  of  magma  mixing  and 
progressive  internal  equilibration  that  will  be  advanced  below. 

Olivine  in  Kilauea  Iki  lava  lake  retains  all  of  the  textures  seen  in 
the  eruption  samples.  In  addition  to  abundant  olivine  phcnocrysts, 
the  lake  contains  rare  olivine  megacrysts  and  dunitic  aggregates. 
Though  textures  are  stable  for  decades  in  the  lake,  chemical 


composition  is  not.  The  lake  olivines  are  all  normally  zoned,  and 
their  cores  may  be  relatively  Fc-rich.  because  of  continued  exchange 
of  Fe  and  Mg  with  the  mek  during  slow  cooling  of  the  lava  lake. 

Many  features  of  this  population  of  phcnocrysts  and  aggregates 
are  unusual  and  bear  on  the  dynamics  of  the  1959  eruption.  These 
features  are  (I)  the  presence  of  deformed  olivine  grains,  (2)  the 
presence  of  dense  olivine  aggregates  of  complex  history,  (3)  the 
occurrence  of  rare  olivines  containing  sulfide- bearing  inclusions,  (4) 
the  presence  of  reversely  zoned  and  of  oppositely  zoned  crystals  in  a 
single  thin  section,  and  (5)  the  occurrence  of  resorbed  olivine.  The 
significance  of  these  will  be  considered  in  turn. 

DEFORMATION  FEATURES  IN  OLIVINE 

Olivine  with  multiple  planar  extinction  discontinuities  extending 
across  the  whole  grain  or  with  complex  rectangular  subgrains  is 
present  in  the  1959  eruption  pumice  and  in  Kilauea  Iki  lava  lake. 
The  grains  occur  singly,  in  small  clusters,  or  in  larger  aggregates. 
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Irregularly  shaped,  deformed  crystals  like  this  are  common  in 
Hawaiian  alkalk  rocks  (see,  among  others.  White,  1966).  Similar 
ktnk-banded  olivine,  as  isolated  grams  or  in  small  clusters,  has  been 
reported  from  many  other  localities  as  well  (Blanchard  and  others, 
1976;  ImsUnd,  1984;  Francis,  1985)  The  kink-banded  olivines 
are  always  among  the  coarsest  grains  present,  as  at  Kilauea  Iki.  In 
most  of  these  occurrences,  the  deformed  grains  are  all  very  forsteritic 
(Fo^qX  which  is  not  the  case  in  the  1959  pumice.  Most  authors 
consider  the  deformed  divine  to  be  xenocrystic.  Imsland  (1984) 
considers  it  (and  the  chromian  diopside  associated  with  it  in  the 
ankaramites  of  Jan  Mayen)  to  be  mantle-level  phenocrysts  precipi- 
tated from  the  ankaramilic  parental  liquid. 

Extinction  discontinuities,  or  rectangular  subgrain  boundaries 
like  those  shown  in  figure  25.5 B,  have  been  produced  experimen- 
tally in  olivine  at  high  temperatures  and  pressures  (Raleigh.  1968; 
Carter  and  Ave  Lallemant,  1970;  Raleigh  and  Kirby,  1 970).  They 
form  in  olivine  in  a crystalline  matrix,  in  response  to  non-hydrostatic 
stress.  As  yet  there  are  no  studies  that  investigate  the  minimum 
amount  of  interstitial  melt  necessary  to  prevent  olivine  from  deform- 
ing in  this  manner.  Kink-bands  do  not  form  under  hydrostatic 
conditions,  however;  kink-banded  crystals  surrounded  by  melt  (figs. 
25.3,  25.4 A-B)  must  have  been  deformed  in  a very  different 
environment. 

Aggregates  of  deformed  olivine  are  the  most  numerous  class  of 
dense  olivine  aggregates  in  Kilauea  Iki  (table  25. 2)  The  deformed 
olivine  in  these  aggregates  is  similar  in  si ze  and  petrographic 
character  to  the  isolated,  deformed  phenocrysts.  It  was  suggested 
above  that  the  isolated  class  I crystals  were  produced  by  disaggrega- 
tion of  coarse,  mildly  deformed  dunite  like  the  seven  dense,  mdt- 
poor  aggregates  found  in  the  lake.  In  fact,  the  literature  on  olivine 
deformation  virtually  requires  such  an  origin  for  any  grain  with 
deformation  features.  Their  depth  of  ongm  cannot  be  tightly  con- 
strained merely  from  the  presence  of  deformation  features,  however, 
as  olivine  deforms  readily  over  a wide  range  of  pressures  and 
temperatures.  Nevertheless,  minimum  confining  pressures  of  several 
Hundred  megapascals,  much  higher  than  the  100  MPa  (I  kbar)  in 
Kilauea  s summit  reservoir,  seem  indicated  (Carter  and  Ave  Lalle- 
mant, 1970). 

DENSE  OLIVINE  AGGREGATES 

Kilauea  Iki  lava  lake  contains  several  dense  aggregates  of 
olivine,  as  discussed  above.  Most  consist  of  coarse,  mildly  deformed 
class  I grams;  others  contain  polygonal  mosaics  of  unstrained  olivine 
(table  25.2)  Neither  of  these  types  contains  significant  amounts  of 
basakic  melt,  and  where  melt  does  occur,  it  appears  to  be  the  host 
melt  penetrating  the  aggregate,  rather  than  lieing  indigenous  to  the 
aggregate.  Hie  mineralogy  and  tortures  of  these  aggregates  are 
matched  by  those  of  the  dunite  tectonite  xenoliths  that  are  so  common 
in  Hawaiian  mafic  alkahc  rocks,  whether  from  the  Honolulu  Vol 
canics  (Jackson  and  Wright,  1970)  Hualalai  (Kirby  and  Green. 
1970)  Loihi  Seamount  (Moore  and  others,  1982;  Roedder,  1983) 
or  elsewhere  (White,  1966;  Jackson,  1968)  Similar  textures  occur 
in  other  types  of  ohvtne-rich  xenoliths  and  m alpine  pendotile  (see. 


for  example,  Mercier  and  Nicolas.  1975;  Mercier,  1979)  Textures 
like  those  seen  in  the  coarse,  mildly  deformed  aggregates  of  table 
25.2  are  considered  by  these  authors  to  be  produced  by  plastic 
deformation  in  the  upper  mantle,  the  polygonal  mosaics  by 
recrystallization  of  deformed  grains  and  subsequent  annealing.  It 
seems  possible  that  the  tortures  of  the  Kilauea  Iki  aggregates  were 
produced  the  same  ways. 

The  olivine  in  the  dunite  tectonite  xenoliths  from  Hawaiian 
alkalk  rocks  are  more  iron-nch  than  the  olivine  in  most  peridotite. 
Jackson  and  Wright  (1970)  give  Fo87  s M and  Sen  (1983)  gives 
F°90_ai  f°r  ^e  olivine  in  the  dunite  xenoliths  in  the  Honolulu 
Volcanics,  while  White  (1966)  reports  FoBQ  ^ for  all  dunite 
xenoliths  from  the  Hawaiian  Islands.  This  range  is  similar  to  the 
range  of  compositions  seen  in  class  I olivines  in  the  pumice  samples 
(Fogg  7_$*)  and  to  the  core  compositions  seen  in  the  dunitic 
aggregates  in  the  lake  (Fog7  54J3)  However,  the  same  compositional 
range  is  observed  for  other  classes  of  olivine  phenocrysts  in  this 
eruption  (fig.  25.9A)  and  for  olivine  from  other  Hawaiian  tholeiite 
(Maaloe  and  Hansen,  1982;  Basakic  Volcanism  Study  Project, 

1981) 

The  origin  of  these  relatively  iron-rkh  dunite  tectonites  has 
been  controversial.  Their  compositions  and  the  fact  that  they  tend  to 
occur  in  lavas  that  have  come  up  near  the  central  conduit  of  tholeiitic 
shields  (Jackson  and  Wight,  1970)  suggest  a relationship  with  the 
tholeiitk  series,  even  though  the  dunite  is  normally  found  m alkalic 
rocks.  They  have  been  considered  to  be  residual  (Jackson  and 
Wight,  1970)  cumulates  from  shallow  crustal  magma  chambers 
(Sen,  1983)  or  perhaps  from  the  mantle  (Wight,  1984)  or 
metamorphic  mantle  rocks  of  indeterminate  origin  (Kirby  and 
Green,  1980)  None  of  these  ideas  explains  simultaneously  (I)  the 
iron -rich  olivine  compositions  identical  to  those  of  tholeiitk  phe- 
nocrysts, (2)  the  general  scarcity  of  minerals  other  than 
olivine  + chromite,  and  (3)  the  absence  of  cumulate  textures  and  the 
ubiquity  of  deformed  or  annealed  textures  in  this  rock  type. 

The  model  favored  here  is  that  the  dunibc  inclusions  in  the 
1959  lava  arc  cumulates  from  tholeiite,  as  suggested  by  Sen  (1983) 
and  Wright  (1984)  but  that  they  precipitated  on  conduit  walls  at 
mantle  and  deep  crustal  levels,  rather  than  in  shallow  crustal 
reservoirs.  Their  composition  suggests  they  are  cumulates  from 
tholeiite,  and  their  limited  mineralogy  suggests  they  formed  in  a 
thermally  buffered  environment.  Heating  of  tbc  conduit  wall,  by 
frequent  passage  of  tholeiitic  liquid,  seems  more  likely  to  forestall 
precipitation  of  interstitial  pyroxene  and  other  minerals  than  periodic 
replenishment  of  more  isolated,  shallow  crustal  reservoirs.  Also,  the 
occurrence  of  similar  dunite  inclusions  in  summit  lava  of  the  very 
young  volcano  Loihi  suggests  that  they  start  forming  early  in  the 
development  of  the  tholeiitic  shield,  and  that  at  that  stage  they  are 
already  located  very  near  the  main  conduit.  Lastly'  the  rarity  of 
undeformed  representatives  of  this  type  implies  they  come  from  an 
environment  where  low  melt  fractions  and  a plastic  response  to  non- 
hydrostatK  stress  are  the  norm.  These  conditions  are  not  likely  to  be 
met  in  shallow  magma  chambers.  In  this  model,  megacry sts  like 
those  found  in  Kilauea  Iki  would  be  presumed  to  form  in  melt -rich 
pockets  along  the  conduit  wall.  Disruption  of  these  pockets  by  a 
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later  batch  of  magma  would  then  incorporate  the  megacrysls  into  a 
magma  capable  of  erupting. 

By  contrast  with  these  dumte  tectonites,  the  cumulate-textured 
xenoliths  described  by  Jackson  (1968)  are  much  more  likely  candi- 
dates to  be  cumulates  from  crustal  magma  chambers  of  the  sort 
visualized  by  Sen  (1983)  This  suite  contains  minor  dunite.  Most  of 
its  representatives  contain  appreciable  pyroxene  and  plagioclase,  as 
well  as  olivine,  in  contrast  to  the  dunite  tectonites,  which  rarely 
contain  other  minerals.  Also,  the  members  of  this  suite,  including  its 
rare  dunite,  were  described  by  Jackson  (1968)  as  exhibiting  no 
deformation  features. 

An  alternate  way  of  producing  Fe-rich  dunite  tectonite  might 
be  to  have  the  spincl-lherzolite,  typical  of  the  Hawaiian  upper 
mantle  away  from  tholeiitic  conduits  (Jackson,  1968;  Jackson  and 
Wright,  1970)  react  completely  with  passing  tholeiitic  liquid,  remov- 
ing pyroxene  and  changing  the  composition  of  the  remaining 
olivine  + chromite.  Whatever  path  was  followed,  it  seems  likely  that 
the  iron-rich,  deformed  dunite  is  produced  at  upper  mantle  or  deep 
crustal  levels,  in  the  immediate  vicinity  of  the  tholeiitic  conduit.  The 
geochemistry  of  the  included  rare  gases  in  some  dunite  tectonites  is 
MORB-like  (Kaneoka  and  others,  1983;  Rison  and  Craig,  1983) 
which  suggests  they  are  associated  somehow  with  the  oceanic 
lithosphere  that  underlies  all  Hawaiian  volcanoes,  or  at  least,  that 
they  may  have  exchanged  the  isotopes  with  such  material.  The 
isotopic  composition  of  the  1959  dunite  samples  is  unknown,  but 
after  months  or  years  of  storage  in  the  lake,  they  will  not  be  pristine 
in  any  case. 

The  questions  then  arise  of  how  the  dunite  is  deformed,  and 
what  the  timing  of  the  deformation  is,  relative  to  the  time  of  eruption. 
Mercier  (1979)  compared  textures  of  xenoliths  in  kimberlite  with 
ecperimentally  observed  rates  of  recrystallization  for  deformed 
olivine  and  concluded  that  at  1,400-1,600  °C  the  deformation 
textures,  especially  in  lunk-banded  paleoblasts,  would  be  entirely 
recrystallized  within  hours  or  days.  For  those  xenoliths,  he  suggested 
that  the  textures  must  have  been  produced  by  the  host  kimberlite 
itself,  as  it  moved  through  the  mantle  to  the  surface. 

In  the  present  case,  it  has  been  observed  that  deformed  olivine 
grains  have  persisted  for  22  years  in  the  lava  lake  at  1,140-1,190 
°C.  The  acpected  temperatures  in  the  upper  part  of  Kilaueas 
conduit  and  in  the  deeper  parts  of  the  shallow'  reservoir  are  probably 
1 .250- 1,350  °C,  based  on  estimates  of  parental  MgO  contents  by 
Wnght  (1984)  and  the  resulting  liquidus  temperatures  suggested 
from  the  calibration  of  Helz  and  Thomber  (in  press  X At  these 
temperatures,  the  deformation  features  observed  in  single  grains  and 
in  aggregates  would  be  expected  to  survive  for  days  to  years,  but 
beyond  that  their  age  cannot  be  constrained,  as  there  are  no  data  on 
static  olivine-annealing  rates  in  the  temperature  range  of  interest. 
Consequently,  it  is  not  possible  to  say  that  all  of  the  deformation 
features  seen  in  the  1959  olivine  were  produced  by  the  host  magma; 
at  these  lower  temperatures,  some  may  have  been  produced  in  earlier 
deformation  events.  Indeed  the  localization  of  chromite  at  grain 
boundaries  in  some  aggregates  where  the  coarsest  olivine  still 
contains  deformation  features  (fig.  25. 7C)  may  indicate  that  these 
aggregates  have  been  subject  to  repeated  deformation. 


Nevertheless,  the  absence  of  primary  igneous  (cumulate)  tor- 
tures supports  the  idea  that  the  dense  aggregates  come  from  an 
environment  where  deformation  is  almost  unavoidable  during  sam- 
pling by  the  host,  if  not  before.  Furthermore,  the  scarcity  of  strongly 
deformed  olivine  or  olivine  aggregates  in  most  Kilauea  lava,  includ- 
ing very  olivine- rich  shallow  intrusives  like  the  Uwekahuna  laccolith, 
suggests  that  these  dense  aggregates  have  not  formed  in  the  shallow 
reservoir  and  do  not  survive  there  indefinitely.  The  more  abundant 
glomerocrystic  dusters  of  oriented,  undefbrmed  olivine,  like  that 
shown  in  figure  25.5 A- A,  are  more  likely  representatives  of  olivine 
cumulates  from  Kilaueas  shallow  reservoir.  The  dense,  deformed 
aggregates  must  have  come  from  much  deeper  parts  of  Kilaueas 
plumbing. 

The  presence  of  two  annealed  aggregates  (KI67.2-87.9b 
and  KI81  -1-181.5)  containing  no  deformed  grams  complicates  the 
picture  somewhat.  Their  textures  reflect  prolonged  thermal  annealing 
in  a hydrostatic  environment.  If  the  deepest  parts  of  the  conduit 
sampled  are  characterized  by  extremely  low  melt  fractions  and  non- 
hydrostatic  stress,  these  two  aggregates  must  have  been  annealed  at 
higher  levels,  suggesting  that  they  were  relatively  high  in  the  plumb- 
ing for  some  tune  prior  to  eruption. 

SULFIDE-BEARING  OLIVINE 

Sulfides  are  rare  in  Kilauea  basalt . They  have  been  found 
included  in,  or  associated  with,  ilmenite  and  titanomagnetite  sepa- 
rates from  differentiated  rift  lava  (Des borough  and  others,  1 968) 
They  also  occur  as  immiscible  blebs  in  glass  or  as  inclusions  in  augite 
in  early  scoria  of  the  1977.  eruption  (Moore  and  others.  1980)  and 
as  a late  phase  in  interstitial  liquid  in  Alae  lava  lake  (Skinner  and 
Peck.  1969)  and  in  Kilauea  Iki  lava  lake  (R.T.  Helz,  unpub.  data, 
1985) 

This  paper  reports  the  first  known  occurrence  of  sulfide  in 
Kilauea  summit  lava.  In  the  1959  samples,  it  occurs  in  olivine  as  one 
phase  in  swarms  of  inclusions,  which  consist  otherwise  of  chromite, 
glass,  and  vapor.  Hus  occurrence  is  very  similar  to  the  occurrence  of 
sulfide  as  inclusions  in  olivine  in  the  dunite  xenoliths  from  Loihi 
(Roedder,  1983)  Such  grains  and  aggregates  are  very  rare  in  the 
1959  lava,  and  it  was  suggested  above  that  they  all  came  from  the 
same  limited  source  region. 

The  question  is,  where  is  that  source?  Sulfide  is  stable  as  a 
separate  phase  only  at  appropriate  combinations  of  temperature, 
silicate  melt  composition,  and  sulfur  and  oxygen  fugacities.  The 
occurrence  of  sulfide  as  inclusions  in  some  olivine  phenocrysts 
demonstrates  that  the  necessary  combinations  exist,  at  least  locally, 
but  the  scarcity  of  sulfide-beanng  melt  inclusions  in  the  1959  and 
other  summit  lava  suggests  that  the  conditions  are  rarely  met.  It  is 
known  that  melt  composition  and  oxygen  fugacity  of  Kilauea  lava 
vary  within  rather  narrow  limits  (Wight,  1971;  Anderson  and 
Wright,  1972)  fo  the  extent  that  magma  temperatures  of  the  1959 
lava  were  higher  than  most  summit  eruptions,  the  lava  would  be  less 
likely  than  most  to  contain  sulfide.  One  can  conclude,  therefore,  that 
the  sulfur  fugacity  was,  at  least  locally,  higher  than  usual.  Recent 
studies  of  gases  emitted  from  the  summit  area  of  Kilauea  Volcano 
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show  a tremendous  flux  of  magmatic  gas  (C02.  S02X  which  is  lost 
from  stored  magma  even  between  eruptions  (Greenland  and  others, 
1985;  Gerlach  and  Graeber,  I985)i  Most  melt  inclusions  in  olivine 
are  sullide-free,  suggesting  that  the  melt  in  the  summit  reservoir 
generally  contains  much  less  sulfur  than  would  be  required  to 
stabilize  a separate  sulfide  liquid.  It  seems  likely,  therefore,  that  the 
sulfide- bearing  inclusions  formed  at  greater  depth  than  the  other  melt 
inclusions,  either  in  the  lowest  parts  of  the  summit  reservoir  or 
deeper.  Geobar ometry  on  the  sulfide- bearing  olivine,  using  the 
methods  of  Roedder  (1983)  or  Harris  and  Anderson  (I983X  might 
help  constrain  the  depth  of  origin  of  these  and  other  olivine 
xenocrysts.  The  observations  that  the  sulfide-bearing,  inclusion-rich 
olivine  almost  never  contains  deformation  features  and  that  aggre- 
gates of  such  olivine  tend  to  be  less  densely  compacted  (fig.  25. 7D) 
than  the  deformed  olivine  aggregates  are  compatible  with  the  idea 
that  class  5 olivine  is  derived  from  higher  levels  than  the  deformed 
class  I olivine  and  the  dense  aggregates.  The  presence  of  sulfide- 
bearing  inclusions  in  one  of  the  annealed  aggregates  (shown  in  fig. 
25.8 A-B)  suggests  that  this  particular  aggregate  was  stored  and 
annealed  at  a level  close  to  the  source  of  the  other  sulfide- bearing 
olivine,  though  this  very  dense  aggregate  may  have  originated  at  still 
greater  depths. 

SIGNIFICANCE  OF  OLIVINE  ZONING  IN  THE  ERUPTION 
PUMICE 

A complete  evaluation  of  olivine  zoning  in  the  1959  Lava  must 
wait  on  the  availability  of  detailed  compositional  profiles  of  the 
olivine.  However,  the  isolated  point  analyses  presented  here  are 
sufficient  to  characterize  the  nature  and  extent  of  zoning  and  its  gross 
variation  with  time  during  the  eruption. 

The  most  curious  feature  of  the  olivine  zoning  is  the  presence  of 
a substantial  number  of  reversely  zoned  crystals.  Mechanisms  for 
producing  reverse  zoning  in  olivine  include  magma  mixing  and 
decompression  at  constant  temperature.  Crystals  entrained  in  a 
hotter  magma  might  develop  more  magnesian  rims  eventually,  but  the 
usual  effect  in  the  1959  lava  is  partial  resorption.  Some  of  the 
reversely  zoned  crystals  in  the  1959  lava  arc  perfectly  cuhedraJ  (fig. 
25.40  and  show  no  sign  of  resorption  or  any  other  kind  of  hiatus  in 
crystal  growth,  suggesting  that  some  other  mechanism  is  involved. 
The  analysis  of  van  Kooten  and  Buseck  (1978)  suggests  that  reverse 
zoning  in  olivine  forms  when  a water-bearing  melt,  saturated  with 
olivine,  undergoes  isothermal  decompression.  This  results  in  an 
increase  in  oxygen  fugacity,  an  increase  in  the  Fe+  VFe  + 2 ratio,  and 
hence  an  increase  in  the  Mg/Mg  + Fe  ratio  in  olivine  crystallizing 
from  the  melt.  Their  calculations  showed  that  forsterite  content 
would  increase  3-5  percent  for  a 200- Mpa  (2  kbar)  drop  in 
pressure,  at  1,000  °C,  for  a melt  containing  2.5  weight  percent 
H20.  The  pressure  effect  in  a dry  magma  has  been  determined  by 
Takahashi  and  Kushiro  (1983)  and  is  much  smaller:  if  Kilauca 
magma  were  completely  dry,  a 3 percent  reversal  in  Fo  content 
would  record  2,500  MPa  (25  kbar)  of  isothermal  decompression. 
The  amount  of  water  in  Hawaiian  tholente  is  of  the  order  of 
0. 3-0.6  weight  percent  H20  (Moore,  I965X  so  a pressure  drop 
of  between  200-2,500  MPa  (2—25  kbar)  would  be  required  to 


produce  the  maximum  reverse  zoning  seen  in  the  1959  eruption. 

The  question  arises  as  to  what  stage  of  decompression  might  be 
recorded  in  the  reversely  zoned  phenocrysts.  Every  crystal  in  the 
eruption  pumice  was  moved  from  the  level  of  Kilaueas  shallow 
reservoir,  which  is  2-6  km  below  the  summit  of  the  volcano  (Eaton, 
1962;  Ryan  and  others,  1981 X to  the  surface,  and  so  has  undergone 
a pressure  drop  of  roughly  1 00  ± 50  MPa  (I  ±0.5  kbarX  if  this 
were  sufficient  to  produce  detectable  reverse  zoning,  then  all  phe- 
nocrysts would  be  reversely  zoned;  in  fact,  only  some  of  them  are 
(see  figs.  25.9 B,  25.1  IX  Furthermore,  the  number  of  reversely 
zoned  olivine  grains  and  the  extent  of  reverse  zoning  tended  to 
decline  as  the  eruption  progressed  (fig.  25. I4A-BX  The  trends  are 
irregular  but  suggest  that  the  reverse  zoning  is  neither  stable  in 
shallow  storage  nor  being  produced  there.  Those  olivine  grains 
showing  pronounced  reverse  zoning  were  probably  brought  up  by 
the  1959  magma  from  below  the  level  of  the  shallow  reservoir. 

Another  question  of  interest  is,  how  long  could  the  variable 
zoning  seen  in  the  eruption  samples  last  before  internal  equilibrium 
would  be  restored?  Detailed  calculations  for  each  sample  are  beyond 
the  scope  of  this  paper,  but  the  calculations  of  Maaloe  and  Hansen 
(1982)  suggest  that  the  time  interval  is  between  a month  and  a year, 
for  zoned  margins  typically  10-30  p.m  thick.  This  is  compatible 
with  the  observations  that  (I)  the  kind  of  zoning  changed,  and 
internal  equilibrium  in  the  eruption  samples  increased  perceptibly 
over  the  5-week  period  of  the  eruption  and  (2)  shallow  lake  samples 
quenched  as  little  as  9 months  later  show  only  strong  normal  zoning, 
of  a sort  rarely  seen  in  the  eruption  samples.  Thus  many  of  the 
olivine  grains  from  eruption  pumice  analyzed  here  were  quenched 
within  weeks,  or  at  most  a few  months,  of  the  time  their  zoning  was 
produced. 

SIGNIFICANCE  OF  RESORBED  OLIVINES 

Partial  resorption  of  olivine  is  widespread  in  the  1 959  eruption 
pumice  and  has  been  noted  by  previous  workers  (Richter  and 
Murata,  I966X  Resorption  textures,  including  cuspate  margins  like 
those  shown  in  figures  25.  A A,  D have  been  produced  experimentally 
by  Thom  be  r and  Huebner  (1985);  these  are  not  simply  unusual 
growth  forms.  This  resorption  occurs  in  samples  quenched  from 
1,160-1,217  °C  (see  table  25. 4X  far  above  the  incoming  of 
pigeonite.  which  lies  at  1 ,090- 1 , 100  °C  in  the  1959  lava  (Helz  and 
Thomber,  in  press;  unpub.  data,  I985X  Consequently,  the  resorp- 
tion cannot  be  the  result  of  a reaction  relationship  between  olivine 
and  liquid. 

As  discussed  above,  about  30  percent  of  the  olivine  grains 
analyzed  from  eruption  samples  are  partly  or  completely  enclosed  in 
a sheath  of  glass  significantly  less  magnesian  than  glass  elsewhere  in 
the  same  section.  Glass  next  to  resorbed  edges  is  significantly  less 
magnesian  than  glass  next  to  euhedral  parts  of  the  same  grain.  That 
these  MgO-depleted  glass  sheaths  are  not  produced  by  quench 
overgrowths  in  olivine  seems  clear  from  the  fact  that  70  percent  of 
the  olivine  grains  are  bordered  by  glass  identical  in  composition  to 
glass  farther  away  from  olivine. 

These  observations  suggest  that  the  resorption  was  produced 
as  follows:  Olivine  crystals  from  a cooler  part  of  the  magma 
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DATE  OF  ERUPTION 

Figure  25, 14. — Occurrence  of  rotrsriy  zoned  olivine  in  1959  eruption  sample*. 
A,  Frequency  of  occurrence  of  reversely  zoned  crystals  in  1959  eruption  pumice, 
u a fraction  of  die  total  number  of  analyzed  crystals,  plotted  against  tune  of 
eruption.  Rants  are  labeled  with  the  number  of  phase  in  which  the  sample  was 
erupted.  B,  Maximum  observed  reverse  zoning  (as  deference  in  mol  percent  Fo 
between  core  and  ran)  observed  in  1959  eruption  punuce,  plotted  against  time  of 
eruption  Samples  containing  no  reversely  zoned  crystals  plot  on  abscissa.  Phase 
numbers  as  in  fegurr  25. 14A. 


chamber  were  swept  up  in  hotter,  more  mobile  liquid.  A thin  layer  of 
less  magnesian,  cooler,  and  hence  slightly  more  viscous  liquid  moved 
■with  the  crystals.  (This  layer  might  tend  to  gradually  slough  off  the 


leading  edge  of  the  grain  as  it  moves  farther  into  the  hotter  liquid.) 
Thermal  equilibrium  between  the  new  host  and  the  crystal  with  its 
liquid  boundary  layer  was  established  very  rapidly  (within  minutes X 
at  which  point  the  melt  in  the  boundary  layer  was  superheated  and 
no  longer  in  equilibrium  with  olivine  of  any  composition.  The  melt 
began  to  resorb  the  adjacent  olivine,  stopping  when  equilibrium  was 
reached,  that  is,  when  the  composition  of  the  adjacent  meh  was 
equal  to  that  of  the  rest  of  the  melt.  Once  equilibrium  was  attained, 
the  resulting  odd-shaped  grain  persisted  for  decades  without  healing 
of  the  resorbed  surfaces. 

This  model  explains  not  only  the  occurrence  of  local  resorption 
in  olivine,  but  the  fact  that  resorption  is  independent  of  rim 
composition  or  style  of  zoning.  Of  the  1 5 grains  or  dusters  in  low- 
MgO  glass,  6 are  normally  zoned,  5 are  unzoned,  and  4 are 
reversely  zoned.  Rim  compositions  ranging  from  Fo^  0 to  Fo^q  7 
have  all  been  resorbed.  This  model  also  explains  the  occurrence  of 
resorbed  edges  on  19  grains  for  which  no  compositionally  distinct 
glass  rims  were  found  but  which  nevertheless  show  at  least  local 
resorption.  Under  this  model,  these  would  have  had  MgO-poor 
boundary  layers  at  one  time,  but  chemical  equilibrium  within  the 
melt  was  re-established  prior  to  quenching  of  the  sample.  The 
widespread  occurrence  of  partial  resorption  of  olivine  in  the  1959 
samples  implies  that  mixing  of  thermally  disparate  magmas  was  very 
common  during  the  1959  eruption. 

These  results  have  implications  that  may  be  important  in  other 
areas.  First,  resorption  does  not  necessarily  indicate  that  a given 
crystal  is  xenocrystic  to  the  magma  system.  Second,  one  must  be 
wary  about  calculating  crystal-liquid  distribution  ratios  in  systems 
where  magma  mixing  may  have  occurred,  even  where  the  glass  is 
uniform  in  color,  unless  the  glass  has  been  thoroughly  checked  for 
chemical  uniformity. 

MODEL  FOR  THE  1959  ERUPTION 

The  physical  processes  preceding  this  eruption  have  been 
described  by  Eaton  and  Mur  at  a (1960X  Eaton  (I962X  and  Eaton 
and  others  (Chapter  48X  In  the  late  1950s,  seismic  activity  at 
Kilauea  included  intermittent  swarms  of  deep  (45-60  km)  earth- 
quakes. A minor  swarm  occurred  in  January  1959.  The  summit  was 
inflating  during  the  January  swarm,  and  continued  to  do  so  there- 
after, but  subsided  again  between  May  and  August  1959.  This  long 
period  of  subsidence  was  followed  by  an  intense  deep  earthquake 
swarm  on  August  14-19.  Reinflation  of  the  summit  began  in  late 
September  and  continued  until  the  outbreak  of  the  eruption  on 
November  14,  1959  (Eaton  and  Murata,  I960,  fig.  7X  Other 
precursory  seismic  activity  included  weak  harmonic  tremor  at  depths 
of  5-15  km,  presumably  resulting  from  upward  migration  of  magma 
in  the  conduit.  Beginning  in  September,  shallow  earthquakes 
occurred  in  the  northern  part  of  the  caldera.  These  were  numerous, 
but  very  small  until  November  14,  just  before  the  eruption.  The 
seismic  and  lilt  data  combined  to  give  a picture  of  magma,  originat- 
ing at  45-60  km,  migrating  upward  and  becoming  lodged  slightly 
to  the  north  of  Halemaumau,  prior  to  triggering  an  eruption.  The 
overall  magma  path  was  not  unlike  that  outlined  in  Ryan  and  others 
(1981)  for  the  period  1961-1974  at  Kilauea.  The  1958-1960 


Digitized  by  Google 


716 


VOLCANISM  IN  HAWAII 


period  was  atceptional,  however,  in  having  earthquakes  at  45-60 
km;  such  deep  earthquakes  have  not  been  seen  since.  Also,  the 
intense  swarm  of  tiny  earthquakes  seen  only  on  the  north  pit 
seismograph  (Eaton,  1962;  Eaton  and  others,  chapter  46)  are 
unique  to  the  1959  eruption. 

Neither  Eaton  and  Murata  (1960)  nor  Eaton  (1962)  states 
specifically  that  the  lava  erupted  in  November  and  December  1959 
included  any  of  the  magma  liberated  dunng  the  August  earthquake 
swarm.  It  was  not  at  first  evident  that  this  might  be  so,  as  can  be 
seen  by  considering  the  usual  pattern  of  magma  storage  in  the  summit 
reservoir  (see  Wnght,  1971;  and  Wight  and  Fiske.  1971). 

In  these  papers,  it  was  shown  that  summit  lava,  though  olivine 
controlled  (Powers,  I955X  typically  lies  at  the  olivine-depleted  end 
of  the  olivine  control  line;  that  is,  it  contains  minor  phenocrystic 
olivine  but  has  no  fractionated  augite  or  plagioclase.  Variation  in  the 
amount  of  olivine,  as  observed  in  the  1959  eruption,  was  considered 
to  be  achieved  by  tapping  different  levels  of  a magma  reservoir  that 
was  olivine-rich  at  the  bottom  and  melt-rich  at  the  top  (Murata  and 
Richter.  1966b;  Wight.  «7I> 

In  addition  to  varying  in  olivine  content,  the  summit  lava 
exhibits  batch-to- batch  compositional  differences  unrelated  to  olivine 
control.  Different  batches  are  chemically  distinctive,  some  being 
unique,  and  can  be  followed  through  the  volcanic  plumbing.  Wright 
and  Ftskc  (1971)  presented  evidence  that  magma  batches  erupted  at 
the  summit  in  the  1950s  and  I960's  had  appeared  in  flank  eruptions 
I -6  years  earlier.  They  inferred  that  ( I ) magma  batches  arriving  at 
the  summit  reservoir  do  not  mix  with  each  other  in  storage;  (2)  flank 
eruptions  tap  lower  levels  of  the  reservoir  than  summit  eruptions  do; 
and  (3)  summit  eruptions  usually  tap  magma  that  has  been  in  storage 
in  the  shallow  (2-4  km)  reservoir  for  years,  or  even  decades,  prior 
to  eruption. 

Wright  and  Fiske  (1971)  recognized  the  1959  eruption  as 
exceptional  in  that  neither  of  its  two  component  magma  batches  (3a 
and  3b  in  the  terminology  of  Wright  and  Fiske,  1971)  had  ever 
appeared  in  flank  lava  or  as  may>r  eruptions  in  Halemaumau.  In 
particular,  the  I960  Kapoho  eruption,  which  immediately  followed 
the  1959  summit  eruption,  was  not  related  chemically  to  the  summit 
eruption,  llie  picture  of  the  summit  reservoir  that  emerged  from  this 
work  was  of  a highly  compartmentalized  magma  storage  zone,  like 
that  shown  by  Fiske  and  Kinoshita  (1969),  such  that  even  closely 
spaced  eruptions  might  drain  completely  unconnected  parts  of  the 
reservoir.  Dus  draining  of  discrete  reservoirs  has  been  demonstrated 
to  occur  at  Kilauea  during  other  time  periods  as  well,  including 
1967-1969  (Dvorak  and  others,  1983)  and  1972-1973  (Ryan 
and  others,  1983)  Hie  isolation  of  the  1959  magma  from  all  other 
parts  of  Kliauea's  reservoir  that  were  active  from  1955  to  1965  led 
Wright  and  Fiske  to  hypothesize  that  the  1959  magma  occupied 
chambers  “separated  from  the  main  conduits  of  the  central  reservoir” 
(Wright  and  Fiske,  1971,  p >4  )i 

Other  exceptional  features  of  this  eruption,  besides  its  unusual 
seismicity,  chemistry,  and  inferred  deviant  path  to  the  surface, 
include  its  having  (I)  the  highest  lava  fountains  observed  at  the 
summit  (580  m.  or  1.900  feet,  observed  December  17.  1959);  (2) 
the  hottest  eruption  tem|»eratures  ever  measured  (1.192  °C  on 


December  5,  1959);  and  (3)  the  most  magnesian  glass  recovered  for 
a historical  Kilauea  eruption.  In  addition,  the  pumice  blanket 
produced  during  phase  3 is  unusual  in  a historical  Kilauea  summit 
eruption.  (All  data  is  from  Rkhter  and  others.  1970.)  Thus,  at 
least  some  of  the  1959  lava  was  hotter  and  more  gas-nch  than 
typical  Kilauea  summit  lava. 

This  paper  has  presented  evidence  that  the  1 959  lava  contains 
material  that  appears  to  have  originated  below  the  level  of  the 
shallow  reservoir.  This  includes  (I)  deformed  olivine  grains,  singly 
and  in  aggregates.  (2)  aggregates  of  thermally  annealed  olivine,  and 
(3)  olivine  megacrysts.  Such  materials  are  common  in  Hawaiian 
alkalic  lava,  but  rare  to  absent  in  subaerial  tholeiite,  from  Kilauea 
and  elsewhere  in  Hawaii.  In  addition,  the  1959  eruption  contains 
rare  olivine  with  sulfide- bearing  inclusions  and  olivine  with  signifi- 
cant reverse  zoning,  neither  of  which  appear  to  be  produced  m 
Kiiauea’s  summit  reservoir. 

The  unusual  features  of  this  eruption  would  be  most  easily 
explained  if  one  of  the  two  magmatic  components  erupted  was  the 
same  magma  that  was  liberated  during  the  August  earthquake 
swarm  and  reached  the  base  of  the  shallow  reservoir  in  late 
September.  The  hypothesis  is  that  at  that  point  the  magma  followed 
a seldom-used  path  to  the  north  of  the  main  reservoir  (that  is.  the 
reservoir  as  located  in  Fiske  and  Kinoshita,  1969.  and  Ryan  and 
others,  1981  X encountering  an  older  batch  of  stored  magma.  It 
broke  through  this  older  chamber  to  the  surface  on  November  14. 
bringing  some  of  the  stored  magma  with  it.  The  unusual  features  of 
the  eruption  are  considered  to  be  a direct  consequence  of  the 
presence  of  the  juvenile  component. 

THE  MODEL  AT  MANTLE  LEVELS 

Kilauea  tholeiite  may  originate  as  highly  magnesian  (>20 
percent  MgO)  melt  and  fractionate  appreciably,  to  MgO  contents 
of  13-14  weight  percent,  enroute  to  the  surface  (Wright.  I984X 
The  average  MgO  content  of  the  1959  eruption  has  been  estimated 
as  I 5.43  percent  (Wnghi,  1973)  and  hence  is  closer  to  the  primitive 
melt  than  to  the  hypothesized  parental  one.  Can  this  inferred 
differentiation  from  20  to  1 5 percent  MgO  be  made  compatible  with 
the  apparent  presence  in  the  1959  Kilauean  lava  of  possible  mantle - 
level  material? 

ITie  answer  to  this  potential  contradiction  is  implicit  m the 
theoretical  model  for  the  migration  of  fluid-filled  cracks,  as 
developed  by  Stevenson  (1983).  modifying  earlier  work  by 
Weertman  ( l97la,bX  In  Stevenson's  model,  material  from  the  lower 
rnd  of  the  rising  packet  of  fluid  precipitates  to  close  the  crack  below 
In  fact,  healing  the  crack  in  this  fashion  is  essential  to  migration  of  a 
discrete  packet  of  melt.  All  that  is  necessary  for  a Kilauean  tholeute 
to  contain  mantle  or  deep  crustal  material  and  to  differentiate  is  that 
the  amount  of  material  precipitated  to  seal  the  crack  at  the  lower  end 
exceed  the  amount  picked  off  the  walls  at  the  upper  end  of  the  bodv 
of  melt. 

Tins  model  of  crack  migration  dovetails  with  the  hypothesized 
origin  for  the  iron-rich  dumte  xenoliths  proposed  above.  The  dumtr 
would  correspond  to  this  crack-healing  material,  because,  for 
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TahL*  25.6.  — Calc ulakd  itttbng  ixlodhc*  of  o/hiwk  ph cnotrv&U  and  Offircfiatci 
in  Kilauea  lb  lara  lake,  auuming  \cuionian  beha'ioi 


Particle  radius  Settling  velocity 

(cm)  (coi/s) 

For  viscosity 

150  PT  pressure  0*1  MPa  (1  bar) 

0.25 

0.05 

0.5 

0.21 

1 .0 

0.85 

For  viscosity 

50  P,  pressure  1.5  CPa  (15  kbar) 

0.25 

0.16 

0,5 

0.65 

1 .0 

2.6 

tholeiite,  the  precipitate  would  be  olivine  + chromite.  The  exact 
composition  of  the  olivine  would  vary  slightly  with  depth,  as  the 
migrating  melt  fractionated  enroutc  to  the  shallow  reservoir.  The 
deformation  observed  in  the  dunite  xenoliths  would  be  produced  as 
the  leading  edge  of  a melt  packet  opened  the  crack,  by  analogy  with 
the  process  Mercier  (1979)  inferred  for  deformed  olivines  in 
xenoliths  in  kimberlite.  Because  the  Kilauea  conduit  is  re-opened  at 
frequent  intervals,  however,  it  is  possible  that  some  of  the  deforma- 
tion observed  in  the  dunitic  aggregates  was  produced  by  an  earlier 
packet  of  melt,  not  the  host  magma. 

MAGMA  ASCENT  RATE 

If  the  hypothesized  model  for  the  1959  eruption  is  correct,  we 
can  calculate  the  average  ascent  velocity  of  the  new  magma  package. 
To  travel  from  depths  of  45-60  km  to  the  surface  in  the  period  from 
August  14-19  to  November  14,  the  magma  would  have  to  move  at 
0.58-0.77  cm/s.  Tills  is  compatible  with  ascent  velocities  for  fluid- 
filled  cracks,  estimated  by  Stevenson  (1983)  to  be  0. 1 — 10  cm/s.  It 
falls  at  the  extreme  low  end  of  the  range  of  ascent  velocities  Spera 
(1984)  cites  for  xenolith -bearing  lava  (10 ' 2 m/s  to  30  m/sX 

Is  this  velocity  fast  enough  to  entrain  the  largest  objects  found 
in  the  lake?  Iable  25.6  presents  the  results  of  calculating  the  Stokes' 
law  settling  velocities  erf  olivine  in  basalt,  for  objects  of  different 
sizes.  The  first  set  of  results  is  for  a viscosity  typical  of  very 
magnesian  basalt  at  0. 1 MPa  (I  atmosphere!  the  second  set  for  the 
lower  viscosity  that  the  same  melt  would  have  at  1.500  MPa  (15 


kbarX  Both  viscosity  estimates  are  taken  from  Kushiro  and  others 
(I976X  The  calculated  settling  rates  for  the  largest  particles  found, 
which  have  average  radii  between  0.5  and  1.0  cm,  would  be 
0.21-0.85  cm/s  at  low  pressures  and  0.65-2.6  cm/s  at  the  high 
pressure  limit.  Non- Newtonian  effects  were  neglected,  on  the 
assumptions  that  ( I ) much  of  the  olivine  phenocryst  load  (the  very 
numerous  class  2 olivine  crystals  and  open  aggregates)  in  the  1959 
lava  was  in  fact  picked  up  from  the  lowest  part  of  the  older,  stored 
magma,  in  Kilauea  s summit  reservoir  and  (2)  the  lava  did  not 
vesiculate  until  it  was  well  up  into  the  crust.  The  calculated 
Newtonian  settling  velocities  are  maximum  values;  to  the  extent  that 
the  magma  was  non- Newtonian,  settling  velocities  would  be  lower, 
and  the  magma  could  more  easily  retain  the  larger  olivine  and  olivine 
aggregates. 

The  calculated  settling  velocities  are  close  to  the  average  ascent 
velocity  inferred  above.  If  the  eruption  model  is  correct,  this 
agreement  means  that  the  juvenile  component  was  moving  just  fast 
enough  to  entrain  the  largest  olivine  and  olivine  aggregates  found.  It 
implies,  further,  that  no  significantly  larger  dunite  inclusions  will  be 
found  in  the  lake  and  that  the  magma  never  stopped  moving  from  the 
time  it  picked  up  the  aggregates  until  it  began  vesiculating,  when 
non- Newtonian  behavior  took  over.  These  deep-seated  ascent  rates 
are  irrelevant  to  near-surface  processes  such  as  venting,  fountaining, 
and  so  on,  which  involve  the  presence  of  a gas  phase  (see  Baton  and 
others,  chapter  48 X resulting  in  strongly  non- Newtonian  behavior. 
The  ability  of  the  lava  to  entrain  olivine  in  the  shallow  chamber  was 
a function  of  magma  discharge  rate  (Murata  and  Richter,  1 966b); 
this  rate  increased  during  eruption,  as  the  magma  became  more  non- 
Newtonian  (Wadge,  1 98 IX 

OLD  VERSUS  NEW  MAGMA 

It  remains  to  be  established  which  of  the  two  recognized  mixing 
components  of  the  1959  eruption  was  stored,  old  magma  and  which 
was  the  more  juvenile.  Early  on  it  was  noticed  that  the  lava  erupted 
from  the  east  end  of  the  initial  fissure  (Iki-58,  or  S-l  of  Wright. 
1973;  or  3b  of  Wight  and  Fiske,  1971 ) was  enriched  in  an  augite- 
like  component  relative  to  west-end  lavas  (Iki-I  or  S-2,  or  magma 
3aX  Murata  and  Richter  (1966a)  hypothesized  that  the  former  lava 
was  derived  by  settling  of  augite  phenocrysts  into  hotter  parts  of  the 
magma  chamber,  where  they  were  redissolved  to  give  the  east-end 
melt  compositions.  Calculations  by  Wright  and  Fiske  (1971)  sup- 
ported this  observation,  though  Wright  (1973)  noted  that  the 
implied  physical  model  was  very  complex. 

Fhcre  are  three  problems  with  this  augite -resorption  hypoth- 
esis. First,  it  would  require  both  components  to  be  stored  magma, 
rather  than  one  stored  and  one  juvenile,  for  if  the  Iki-I  (S-2) 

(parent  were  not  a stored  component,  the  apparent  relationship  tested 
by  the  calculation  would  not  mist,  and  the  calculation  would  be 
meaningless.  Second,  the  amount  of  augite  (6  percent,  Wright, 
1973)  required  by  the  calculation  is  so  small  that  the  calculation 
cannot  distinguish  with  certainty  between  low-pressure  and  high- 
pressure  augite.  Lastly,  there  is  no  petrographic  evidence,  in  the 
form  of  phenocrystic  augite.  for  the  process.  The  tiny  augite  crystals 
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FlCURC  25.15. — Proportion  of  S- 1 magmatic  component  present  m various  1959 
eruption  samples  (taken  from  Weight.  1973)  plotted  agauui  date  ai  eruption.  Tl»e 
mixing  components  used  by  Wnghl  (1973k  namely  samples  lki-56  (S-l)  and 
Iks—  I (S-2)  plot  at  10  and  zero  respectively  Numbers  by  pomts  identify  the 
phase  of  the  eruption 


in  the  initial  eruption  samples  are  not  phenocryst -sized  and  arc 
almost  always  associated  with  plagioclase.  This  is  a problem 
because  plagioclase  is  not  required  by  the  calculation,  and  augite 
could  not  be  readily  separated  from  plagioclase  by  (low  differentia- 
tion of  the  sort  described  by  Wight  (1973)  Careful  search  for 
augite  phenocrysts  m the  lake,  including  samples  of  foundered  crust 
and  of  the  basal  chill  zone,  has  failed  to  uncover  any  phcnocrystk 
augite,  resorbed  or  otherwise;  nor  does  augite  occur  as  an  inclusion 
in  olivine  in  any  eruption  sample. 

Another  line  of  evidence  that  must  be  considered  is  shown  in 
figure  25. 1 5,  which  plots  the  change  in  mixing  ratio  found  by  Wright 
(1973)  against  time  (see  also  Wright.  1973.  fig.  3)  Early  phase  I 
lava  is  disproportionately  rich  in  S-l  (lki-58,  the  east -end  compo- 
nent X later  phases  richer  in  S-2  (west-end)  This  might  be  inter- 
preted as  showing  that  stagnant  S-l  magma  was  pushed  out  first,  as 
the  chamber  was  flooded  by  new,  hot  S-2  magma. 

However,  three  other  lines  of  evidence  favor  the  east -end  lava 
(lki-58  or  S-l  or  3b)  as  the  new  component,  with  the  west-end 
lava  the  stored  component.  The  first  is  the  recognition  of  Wright  and 
Fiske  (1971.  p,  54)  that  the  brief  1954  Halemaumau  eruption  was 
of  west-end  (their  3a)  type.  Thus,  west-end  lava  had  been  m 
storage  near  the  surface  for  five  years  pnor  to  1959.  Second  is  the 
occasional  recurrence  of  the  west -end  component  in  almost  pure 
( >90  percent ) form  after  the  initial  curtain  of  fire  shrank  to  a single 
sent  on  November  1 5.  Figure  25. 1 5 shows  that  the  late  phase  I and 
phase  3,  and  early  phase  4 samples  are  pure,  or  nearly  pure  west- 
end  (S— 2)  material.  The  east-end  component  is  never  seen  in  pure 
form,  except  of  course  m the  type  sample  lki-58,  where  its  purity  is 
a matter  of  definition  only.  Hus  pattern  is  more  compatible  with 
east -end  material  being  the  newer  material,  seen  only  as  it  filters 
through  older,  stored  magma. 

Hie  last  piece  of  evidence  that  the  cast-end  component  may  be 
the  more  juvenile  is  shown  in  figure  25.16,  which  shows  the 
correlation  between  the  amount  of  S-l  (east  end)  material  and 
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Figure  25.16.  — MgO  content  of  the  gUu  (wwgfil  percent,  left  ude)  and 
estimated  gins*  quenching  temperature  (right  ude)  plotted  against  the  fraction  of 
S- 1 component  present  for  all  samples  erupted  after  Ntnmmber  1 7,  for  which  both 
a bulk  analysts  and  a glass  analysts  are  available. 


MgO  content  in  glass  (which  covaries  with  temperature)  for  erup- 
tion samples  from  November  18  on.  The  more  S- 1 , the  hotter  the 
sample,  with  the  exception  of  Iki-32  from  phase  15.  This  suggests 
that  the  S-l  component  was  consistently  hotter  than  S-2  melts, 
hence  probably  more  juvenile. 

If  one  accepts  that  S-l  is  the  new  and  S-2  is  the  stored 
component,  the  above  interpretation  of  the  data  in  figure  25. 1 5 must 
be  revised.  Instead  of  old  magma  being  pushed  out  first,  the  new. 
more  fluid  magma  must  have  streamed  through  the  more  stagnant 
material,  to  be  erupted  first.  The  stored  magma  was  more  prominent 
m later  phases  because  it  was  remobilized  by  picking  up  beat  and 
perhaps  gas  bubbles,  from  the  newer,  gassier  material. 

ERUPTION  CHRONOLOGY 

Using  the  above  model  and  the  data  presented  in  this  paper, 
the  1959  eruption  can  now  be  described  in  terms  of  progressively 
more  intimate  intermingling  and  internal  equilibration  of  two  separate 
types  of  olivine  tholeiitic  magma,  a previously  stored  component  and 
a new  component  that  originated  at  45-60  km  depth  and  began  its 
ascent  in  the  August  earthquake  swarm. 

The  initial  eruption  fissure  broke  open  along  the  south  side  of 
Kiiauca  lki  pit  crater  on  November  14,  1959.  Iki-1  (or  S-2)  was 
erupted  at  the  west  end,  while  lki-58  (or  S-l)  was  erupted  at  the 
east  end.  Initial  samples  of  both  components  were  relatively  cool  and 
differentiated,  with  a sparse  population  of  class  2 olivine.  Ilu-58  is 
slightly  hotter  than  lki—  I , however,  and  contains  more  phenocryxtK 
olivine,  including  at  least  one  reversely  zoned  grain  (fig.  25. 1 1 X ail 
features  consistent  with  its  being  the  new  component.  From 
November  14  to  17.  lava  continued  to  be  dominantly  east -end 
material  (fig.  25.15)  but  gradually  got  hotter.  On  November  18. 
the  hottest  known  sample,  iki-22,  was  erupted.  This  sample 
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contains  a complex  olivine  assemblage  that  includes  the  most  exten- 
sive reverse  zoning  found  (tables  25.1,  25.3;  figs,  25.11  and 

25.14B) 

No  samples  from  November  19  have  been  analyzed,  but  by 
November  20,  the  lava  being  erupted  was  very  nearly  pure  west -end 
material,  though  quite  olivine-rich  (hg.  25.15)  The  first  such 
sample,  Iki-44,  contains  a cooler  glass  than  lki-22,  but  the  olivine 
is  more  magnesian  and  weakly  zoned.  Kink-banded  olivine  is 
present,  but  the  banding  is  very  faint,  as  the  amount  of  deformation 
is  slight.  Corapositionally,  all  the  olivines  appear  to  be  in  equilibrium 
with  each  other  and  (or)  in  equilibrium  with  a common  melt.  Such 
olivines  might  have  come  from  the  lowest  (hottest)  part  of  the  west- 
ern! magma  chamber. 

A later  sample  from  phase  I , lki-7,  is  similar  to  Iki-44  in 
temperature  in  melt  composition,  and  in  the  character  of  its  class  I 
obvines,  but  contains  reversely  zoned  cuhcdral  (class  2)  olivines  that 
are  probably  juvenile,  lki-7  also  contains  fragmental  (class  4) 
olivine.  Phase  2 (Iki—  1 1 ) is  slightly  hotter  and  richer  in  the  east-end 
component  than  Iki-44  and  lki-7.  It  contains  the  first  normally 
zoned  class  I olivine  found,  the  first  sulfide- bearing  class  5 olivine 
known,  and  more  reversely  zoned  class  2 olivine.  Clearly  more  new 
material  was  being  tapped;  the  greater  heterogeneity  of  the  glass  in 
Iki- 1 1 (fig.  25.1 1)  suggests  that  this  mixing  was  very  recent. 

Phase  3 (Iki— 9)  was  so  extremely  gas-rich  that  very  little  of  it 
got  into  the  lake;  instead,  it  formed  a pumice  blanket  downwind  of 
the  vent  (Richter  and  others,  1970).  It  is  pure  west -end  material, 
though  slightly  hotter  than  Iki- 1 (S-2)  Presumably  this  phase  was 
derived  from  the  gas-charged,  differentiated  upper  part  of  the  west- 
end  magma  chamber.  The  only  puzzling  feature  of  this  phase  is  why 
this  material  did  not  erupt  in  phase  I . Two  possible  explanations  are: 
(1)  It  came  from  an  isolated  cupola  that  was  not  breached  by  the 
initial  fracture,  or  (2)  the  extra  gas  was  derived  from  the  new' 
magma,  which,  after  it  had  accumulated  in  a layer  of  differentiated 
west -end  material  near  the  roof,  blew  that  material  out  as  phase  3. 

Early  phase  4 lava  was  similar  to  that  of  phase  3.  Later 
samples,  like  Iki- 13,  were  much  hotter  (1,1%  °C,  table  25.4)  and 
richer  in  east-end  component  (fig.  25.15)  and  olivine.  The  glass  in 
Iki- 1 3 is  uniquely  heterogeneous  (fig.  25. 1 1 X suggesting  that  it  was 
produced  by  very  recent  mixing  of  two  components.  Phase  5 
(Iki  - 1 4)  was  hotter  still  ( 1 ,205  °C)  but  its  glass  is  homogeneous,  as 
though  the  disequilibrium  of  the  Iki- 1 3 mixing  event  had  begun  to 
dissipate.  Both  of  these  samples  contain  a complex  assemblage 
(table  25.1)  of  very  magnesian  olivine  (fig.  25. 1 1)  that  shows  little 
zoning.  The  combination  of  a change  in  mixing  ratio  of  S-l  and 
S-2  (fig.  25. 15X  and  the  increase  in  temperature  suggest  that  new 
material  was  fed  into  the  base  of  the  S-2  chamber  about  December 
5.  The  presence  of  fragmental  (class  4)  olivine  in  these  samples, 
presumably  produced  by  brittle  failure  (shallow  diking? X is  com- 
patible with  this  suggestion.  The  fact  that  both  S-l/S— 2 mixing 
ratios  and  glass  quenching  temperatures  vary  rather  little  after  phase 
5 suggests  that  this  was  the  last  significant  influx  of  new  material  into 
the  part  of  the  chamber  that  was  feeding  the  eruption. 

Phase  7 (Iki— 20)  marks  the  reappearance  of  cooler  lava 
(1,181  °C,  see  table  25. 4X  It  also  marks  the  first  appearance  of  (I) 


very  diverse,  non-overlapping  core  compositions  within  a single 
sample,  and  (2)  convergence  of  olivine  rim  compositions  from  those 
very  different  cores  toward  a common  rim  composition.  Earlier 
eruption  samples,  though  exhibiting  great  diversity  of  zoning  pattern, 
generally  included  only  a narrow  range  of  core  compositions  m 
classes  1 , 3,  4,  and  5 (taken  together)  and  class  2 (see  fig.  25. II X 
From  phase  7 through  phase  16,  by  contrast,  one  or  both  of  these 
olivine  groups  include  very  varied  phenocryst  cores  within  a single 
thin  section.  These  varied  cores  must  have  formed  initially  in 
different  parts  of  the  magmatic  plumbing.  Hence,  their  close 
juxtaposition  in  the  later  samples  is  evidence  for  increasingly  intimate 
commingling  of  all  parts  of  the  active  magmatic  system.  The 
convergent  zoning  suggests  that  this  mingling  resulted  in  accelerated 
internal  equilibration  of  the  samples.  Rapid  fine-scale  mixing  was 
possible  because  both  components  were  basaltic  and  quite  fluid,  with 
only  minimal  viscosity  contrasts. 

Phases  8 and  9,  represented  by  Iki — 2 1 and  Iki— 24,  include 
the  last  evidence  for  new  material  entering  the  actively  erupting  part 
of  the  chamber.  They  contain  (1)  the  most  magnesian  olivine 
observed;  (2)  the  only  class  I olivine  with  significant  reverse  zoning 
other  than  those  in  lki-22  (figs.  25. 1 1 , 25. 1 4 B);  and  (3)  the  latest 
known  fragmental  olivine  (table  25.  IX  The  thermal  perturbation  at 
the  onset  of  phase  8 (1 , 197  °C,  compared  with  1,181  °C  in  phase  7) 
is  smaller  than  that  at  phase  4 (1 , 1%  °C  vs.  1 , 1 54  °C  in  phase  3X 
and  Iki — 24  (phase  9)  is  cooler  still,  rather  than  hotter,  as  Iki- 1 4 
(phase  5)  was.  This  suggests  that  the  amount  of  new  material 
introduced  was  rather  slight  and  may  simply  represent  more  thor- 
ough in-mixing  of  the  deepest  part  of  the  chamber.  On  the  other 
hand,  these  observations  do  agree  with  evidence  presented  by  Eaton 
and  others  (chapter  48)  that  the  magma  reservoir  was  being  intruded 
by  new  magma  from  the  end  of  phase  I through  phases  8 and  9. 

Subsequent  samples  from  phases  10,  15,  and  16.  show  some 
variation  in  the  S—  1/S— 2 ratio  but  no  thermal  perturbations, 
suggesting  that  thermal  equilibrium  within  the  mixed  volume  was 
complete.  Reverse  zoning  is  scarce  (figs.  25.11,  25.I4A)  and 
olivine  rims  are  consistently  iron-nch  (fig.  25.1  IX  Chemical  equi- 
libration was  still  incomplete,  however,  as  evidenced  by  the  occur- 
rence even  in  phase  16  (Iki— 33)  of  olivine  with  rims  of  low-MgO 
glass. 

SUMMARY 

This  paper  documents  the  petrographic  and  chemical  diversity 
of  the  olivine  phenocrysts  and  aggregates  in  the  1959  lava  of  Kilauea 
Volcano.  Ike  lava  contains  five  petrographically  distinct  classes  of 
olivine,  dunitic  aggregates  with  deformed  or  annealed  textures,  and 
two  olivine  megacrysts  (10x20  mm  in  section)  Olivine  cores  vary 
from  Fog)  s to  Fom_7.  Zoning  is  moderate  (ss3  percent  Fo  within 
most  crystals);  normal  and  reverse  zoning  are  about  equally  abun- 
dant. There  is  no  correlation  between  petrographic  class  and  core 
composition  or  style  of  zoning.  Olivine  in  drill  core  from  Kilauea  Iki 
lava  lake  has  the  same  petrographic  features  as  olivine  in  the  rapidly 
quenched  eruption  samples.  Pre-eruption  zoning  and  overall  chemi- 
cal composition  is  not  preserved  in  the  lake  olivine,  as  it  has 
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exchanged  Mg  for  Fe  with  the  melt. 

Many  features  of  the  1 959  eruption  are  unusual  for  a historical 
Kilauea  summit  eruption  and  can  be  explained  by  a model  in  which 
one  of  the  two  observed  magmatic  components  of  this  mixed-magma 
eruption  came  directly  from  the  mantle,  bypassing  the  mam  shallow 
reservoir.  The  component  erupted  from  the  east  end  of  the  initial 
fissure  appears  to  be  the  juvenile  component,  responsible  for  the  very 
hot,  gas-rich,  olivine-rich  nature  of  the  1959  lava.  The  various 
components  of  the  olivine  population  were  picked  up  by  the  rising 
magma  in  roughly  the  following  sequence: 

(1)  Deepest  are  the  deformed  olivine  grains,  aggregates  of  | 
deformed  olivine,  and  megacrysts,  though  the  actual  depths  are 
poorly  constrained.  The  thermally  annealed  aggregates  may  be 
strictly  deep  seated,  or  may  have  been  annealed  in  shallower  storage. 
All  these  materials  are  hypothesized  to  be  derived  originally  from 
material  lining  the  conduit  wall  at  mantle  or  deep  crustal  levels.  They 
arc  xenocrystic  to  the  S-l  magma,  but  accumulated  from  earlier 
Kilauea  tholeiite,  so  are  not  composition  ally  distinct. 

(2)  Euhedral  olivine  crystals  with  significant  reverse  zoning  are 
deep-seated  phenocrysts  of  the  S- 1 magma,  recording  large  (several 
hundred  MPa,  or  several  kbarX  but  poorly  constrained  amounts  of 
near -isothermal  decompression.  Reversely  zoned  class  I olivine 
grams  were  picked  off  the  walls  deeper  than  unzoned  class  I olivine 
and  erupted  sooner  after  sampling,  as  this  style  of  zoning  is  not 
stable  in  the  shallow  reservoir. 

(3)  Sulfide- bearing  olivine  grains  and  aggregates,  rarely 
deformed  and  never  showing  reverse  zoning,  come  from  somewhere 
above  the  source  of  the  deformed  and  (or)  reversely  zoned  olivine, 
but  below  the  shallow  reservoir,  where  S02  is  liberated  from  the 
magma.  They  may  be  cognate  but  are  more  probably  xenocrystic  to 
the  S-l  magma. 

(4)  The  occurrence  of  fragmental  class  4 olivine,  presumably 
formed  by  bnttle  failure,  correlates  fairly  well  with  other  indicators 
for  episodes  of  influx  of  new  S- 1 liquid  into  l he  shallow  chamber  at 
the  end  of  phase  I , and  at  phases  4-5  and  8-9.  These  fragments 
are  hypothesized  to  result  from  fracture  of  old  shallow  olivine 
cumulates  within  the  volcanic  edifice, 

(5)  Die  bulk  of  the  phenocrysts  present,  including  most 
euhedral  and  rounded  class  3 grains,  unzoned  or  with  some  normal 
zoning,  were  picked  up  from  the  lower  parts  of  the  stored  (S-2) 
magma.  The  widespread  resorption  observed  in  all  classes  of  olivine 
is  a consequence  of  mixing  of  thermally  disparatr  melts  at  this  stage. 

(6)  The  small,  euhedral  olivine  crystals  with  strong  (8  percent 
Fo)  normal  zoning  formed  in  the  most  rapidly  cooled  margin  of  the 
stored  magma;  they  were  only  rarely  sampled  during  the  eruption. 

Disequilibrium  features  present  in  the  eruption  samples  include: 
(I)  the  presence  of  heterogeneous  glass  (away  from  olivine);  (2)  the 
presence  of  boundary  layers  of  MgO-poor  glass  near  olivine;  (3)  the 
presence  of  reversely  zoned,  unzoned  and  (or)  normally  zoned 
olivine  in  the  same  thin  section;  (4)  the  presence  of  olivine  with  very 
different  core  compositions  in  the  same  section,  and  (5)  the  presence 
of  olivine  with  different  rim  compositions  in  the  same  section. 
Comparison  with  other  data  (Maaloe  and  Hansen,  1982)  suggests 
that  the  mixing  event(s)  recorded  by  these  features  took  place  weeks 


before  the  eruption,  or  perhaps  only  within  the  36  days  of  the 
eruption  itself.  Further  analysis  of  these  various  indicators  of  change, 
or  “geospeedometers,”  is  deferred  to  a later  paper. 

The  presence  of  kink-banded  olivine  is,  by  comparison,  a 
relatively  slow  geospeedometer,  as  these  deformation  textures  may 
last  months  to  a few  years  at  shallow-reservoir  conditions.  Their 
rarity  in  subaerial  tholeiite,  even  picritic  lava,  suggests  that  they  do 
not  survive  for  decades  in  subsurface  reservoirs,  in  contrast  to  their 
survival  for  22  years  in  Kilauea  Iki  lava  lake.  However,  deformed 
olivine  occurs  frequently  in  submarine  east-nft  lava  of  Kilauea.  This 
suggests  that  some  lower  rift  lava  may  move  out  laterally  into  the  nft 
before  reaching  the  shallow  reservoir  and  so,  like  the  1959  lava, 
avoid  prolonged  shallow  storage  before  their  eruption.  It  would  be  of 
interest  to  search  this  submarine  lava  for  the  other  types  of  deeper 
seated  material  found  in  the  1959  lava. 
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ORIGIN  OF  THE  WEST  MAUI  VOLCANIC  ROCKS  INFERRED  FROM 
Pb,  Sr,  AND  Nd  ISOTOPES  AND  A MULTICOMPONENT  MODEL 
FOR  OCEANIC  BASALT 

By  Mitsunobu  Tatsumolo,  Ernst  Hegner,1  and  Daniel  M.  Unruh 


ABSTRACT 

Isotope  ratios  of  Pb,  Sr,  and  Nd  for  West  Maui  volcanic 
rocks  fall  within  the  range  of  those  from  other  volcanoes  of  the 
Kea  trend.  Shield-building  and  caldera-filling  rocks  have  indis- 
tinguishable Sr  and  Nd  isotope  ratios,  but  the  latter  rocks  have 
slightly  more  radiogenic  Pb.  Posterosional  volcanic  rocks  have 
lower  ,t7Sr/**Sr  ratios  and  less  radiogenic  Pb  than  underlying 
rocks.  Isotope  data  for  West  Maui,  as  well  as  those  for  other 
Hawaiian  volcanoes,  are  not  adequately  explained  by  binary 
mixing,  but  must  be  accounted  for  by  mixing  of  at  least  three 
end  members:  the  oceanic  crust  (Kilauea  end  member),  the 
depleted  upper  mantle  (posterosional  end  member),  and  a deep- 
mantle  plume  (Koolau  end  member).  Isotope  data  thus  far 
reported  for  oceanic  basalt  can  also  be  described  by  a three- 
component  mixing  model:  the  depleted  upper  mantle  (MORB 
source),  Austral-St.  Helena  source,  and  recycled  oceanic  and 
continental  crust  (plumes?).  However,  data  trends  for  oceanic 
basalt  from  individual  areas  suggest  that  mantle  plumes  may 
have  only  moderately  radiogenic  Pb,  Sr,  and  Nd,  requiring  that 
such  basalt  was  derived  by  mixing  of  these  plumes  with  the 
chemically  heterogeneous  upper  mantle  (at  least  seven  iso- 
topically  different  components).  Lithospheric  contamination 
may  also  be  involved. 


INTRODUCTION 

The  geology  and  geophysics  of  the  Hawaiian  Islands  have  been 
extensively  studied  in  order  to  understand  intraplate  volcamsm  and 
the  formation  of  linear  island  chains.  It  has  been  thought  for  some 
time  that  the  Emperor- Hawaiian  Cham  was  formed  by  the  north- 
westward motion  of  the  Pacific  plate  over  a fixed  mantle  hot  spot 
(Wilson,  1963)  It  follows  from  the  hot-spot  hypothesis  that  the 
volcanoes  of  the  chain  are  progressively  older  northwestward  from 
the  currently  active  volcanoes  of  Kilauea,  Mauna  Loa,  ami  Loihi. 
The  progression  of  ages  has  been  well  documented  by  K-Ar  age 
measurements  of  Hawaiian  rocks  (McDougall,  1964;  Dalrymple 
and  others,  1973;  Dalrymple  and  Clague,  1976) 

The  loci  of  the  Hawaiian  volcanoes  follow  two  parallel  curves 
(fig.  26.1):  the  Loa  (southwestern)  and  Kea  (northeastern)  trends 
(Jackson  and  others,  1972,  and  references  therein)  From  youngest 


! to  oldest,  volcanoes  on  the  Loa  trend  are  Loihi,  Mauna  Loa 
(Hawaii)  Hualalai  (Hawaii)  Kahoolawe,  Lanai,  West  Molokai, 
Koolau  (Oahu)  Waiane  (Oahu)  and  Kauai;  those  on  the  Kea  trend 
are  Kilauea  (Hawaii)  Mauna  Kea  (Hawaii)  Kohala  (Hawaii) 
Haleakala  (East  Maui)  West  Maui,  and  East  Molokai. 

Hawaiian  volcanoes  usually  evolve  in  three  stages:  a shield- 
building stage,  producing  mostly  thoieiite,  a caldera-filling  stage 
(alkalic  rocks)  and  a posterosional  stage  (nephelinitic  rocks)  (Mac- 
donald, 1968)  However,  recent  studies  of  Loihi  reveal  a seamount 
stage  in  which  basamte  and  alkali  basalt  with  subordinate  thoieiite 
are  erupted  before  the  shield -building  tholeutic  stage  (Moore  and 
others,  1982)  Although  the  earlier  three-stage  division  may  be  too 
simple,  subaerial  Hawaiian  rocks  can  be  conveniently  subdivided 
according  to  the  three  major  stages.  The  two  volcanoes  on  Maui, 
Haleakala  in  the  east  and  the  smaller  West  Maui  Volcano,  have 
developed  to  the  posterosional  stage.  Those  on  the  Island  of 
Hawaii,  however,  100  km  to  the  southeast,  have  not  yet  erupted  lava 
of  posterosional  type. 

Strontium  isotopes  have  been  used  for  two  decades  to  trace  the 
origin  of  Hawaiian  volcanic  rocks  (see,  for  example,  Lessing  and 
Catanzaro,  1964;  Hamilton,  1965;  Powell  and  Delong,  1966) 
From  the  Sr  isotope  difference  between  the  Koolau  Basalt  (shield- 
building stage)  and  Honolulu  Vokanics  (posterosional  alkalic  - 
nephelinitic  stage)  on  Oahu,  Powell  and  Delong  (1966)  suggested 
that  the  two  volcanic  sequences  were  not  derived  from  a common 
parent  magma  and  that  the  upper  mantle  source  regions  are  chemi- 
cally and  isotopically  heterogeneous.  Later  isotope  studies  of  Pb, 
Nd,  Sr,  and  Hf  (for  example,  Lanphere  and  Dalrymple,  1980; 
Stille  and  others,  1983;  Roden  and  others,  1984)  support  this 
contention. 

Chen  and  Frey  (1983)  in  an  extensive  geochemical  and 
isotopic  study  of  Haleakala,  found  inverse  correlations  between 
,43Nd/,44Nd  and  Sm/Nd  abundance  ratios  and  between 
87Sr/86Sr  and  Rb/Sr  abundance  ratios.  These  findings  are  consis- 
tent with  mixing  of  two  kinds  of  melt,  one  derived  from  an  enriched 
mantle  and  another  formed  by  melting  of  a fraction  (less  than  two 
percent  of  the  total  volume)  of  midocean-ridge  basalt  source. 
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of  tlv  1 1 land  of  Maui,  wrapltfird  from  Macdonald  (1949)  Sample  localKxu  are  shown  by  numbers  (for  exact  location,  see  Macdonald  aad 
table  6 and  7;  and  thu  study)  Inset  shows  location  of  Kea  and  Loa  lineaments  of  volcanic  centers  m liawaaan  Islands. 


Stille  and  others  (1983)  analysed  Pb,  Sr,  Nd,  and  Hf 
isotopes  in  voleame  rocks  from  Oahu  and  found  that  the  isotope 
systematic*  can  be  best  explained  by  a model  involving  mixing  of 
three  or  more  independent  magma  sources.  Staudigel  and  others 
(1984)  concurred  with  this  view  in  an  isotopic  study  of  Lxnhi 
Seamount  volcanic  rocks.  In  order  to  place  additional  isotopic 
constraints  on  Hawaiian  basah  petrogenesis.  we  measured  Pb,  Sr, 
and  Nd  isotopes  in  volcanic  rocks  from  West  Maui  Volcano.  The 
results  were  reported  in  brief  previously  (Hegner  and  others,  I986X 
In  this  paper  we  report  concentrations  of  U.  Ill,  Pb,  Rb,  Sr,  Sm, 


and  Nd,  as  well  as  Pb,  Sr,  and  Nd  isotopic  ratios,  in  Maui  volcanic 
rocks,  and  we  discuss  the  origins  of  both  Hawaiian  volcanic  rocks 
and  oceanic  basalt  in  general. 

Stratigraphic  nomenclature  used  in  this  report  is  that  from 
Langrnhrtm  and  Clague  (chapter  I,  part  II). 
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GEOLOGY  AND  SAMPLES 

The  geology  of  Maui  has  been  described  in  Steams  and 
Macdonald  (1942)  and  Macdonald  (1949).  I'he  Island  of  Maui 
comprises  two  volcanoes,  both  of  which  lie  on  the  Kea  trend.  These 
volcanoes  are  the  youngest  in  which  post-erosional  volcanics  have 
erupted  (hg.  26.  IX  The  West  Maui  Volcano  is  wholly  prehistoric 
and  about  one-fourth  the  size  of  the  Haleakala  (Last  Maui) 
Volcano,  which  last  erupted  in  A.D.  1790.  The  Wailuku  Basalt 
(formerly  Wailuku  Volcanic  Series)  represents  the  shield -building 
stage  of  West  Maui  and  is  composed  mostly  of  tholente  and 
intercalated  alkali  basalts  with  minor  ankaramite  near  the  top. 
Caldera-hlling  lava  of  the  Honolua  Volcanics  (formerly  Honolua 
Volcanic  Series)  is  dominantly  differentiated  atkalic  rock  ranging 
from  mugeante  to  soda  trachyte  in  composition.  After  cessation  of 
the  Honolua  volcanism  and  prolonged  erosion,  basanitic  lava  of  the  , 
Lahaina  Volcanics  (formerly  Lahaina  Volcanics  Series)  was 
erupted. 

The  shield-building  lava  of  Haleakala  has  been  designated  the 
Honomanu  Basalt,  and  the  composition  of  exposed  rocks  ranges 
only  from  tholeiitic  olivine  basalt  to  oceanite.  The  Honomanu  Basalt 
is  overlain  by  the  Kula  Volcanics.  which  are  dominantly  composed 
of  hawaiite.  The  Hana  Volcanics  represents  Haleakala*  postero- 
sional  volcanism;  this  unit  is  less  silica-saturated  and  consists  of 
alkalic  olivine  basalt  and  basanitoid  in  contrast  to  the  basanite- 
doinmated  Lahaina  Volcanics  of  West  Maui. 

We  analyzed  6 samples  of  tholeiitic  basalt  and  2 of  alkali 
olivine  basalt  collected  from  the  Wailuku  Basalt  (shield  buildingX  8 
samples  of  alkalic  differentiates  from  the  Honolua  Volcanics  (cal- 
dera filling X and  3 samples  of  basanite  from  the  Lahaina  Volcanics 
( poster osionalX  Sample  numbers  prefixed  by  a “C"  were  collected 
by  the  late  Dr.  Gordon  A.  Macdonald.  Rock  names  and  locations 
of  samples  C-92  to  C- 1 30  are  listed  by  Macdonald  and  Katsura 
(1964)  and  are  shown  in  figure  26. 1.  Samples  collected  by  Mac- 
donald from  other  sites  have  the  following  identities  and  places  of 
collection  (G.A.  Macdonald,  written  commun. , 1966):  C-149, 
mugeante,  transitional  toward  trachyte,  roadcut  at  top  of  grade  on  ! 


west  side  of  Pohakupule  Gulch,  West  Maui,  Honolua  Volcanics; 
C- 1 50,  mugeante,  transitional  toward  trachyte;  dikelike  body 
cutting  mugearite  flow  in  roadcut  at  berm  where  road  starts  to 
descend  the  west  side  of  Honolua  Gulch,  West  Maui,  Honolua 
Volcanics;  C— 153,  hawaiite,  boulder  in  Kanaha  Stream  below 
Paupau  Hill,  just  above  Kelawea  Village  on  outskirts  of  Lahaina, 
West  Maui,  Honolua  Volcanics;  C- 1 55,  mugearite,  south  branch 
of  Makamakaole  Gulch,  25  feet  southeast  of  culvert  under  road. 
West  Maui,  Honolua  Volcanics. 

Samples  designated  “HMT"  series  were  collected  by  one  of  us 
(M.T.)  under  the  guidance  of  Dr.  J.M.  Sinton.  University  of 
Hawaii.  Sample  localities  are  the  same  as  those  of  the  C-serics  of 
Macdonald  and  Katsura  (1964.  tables  6 and  7),  except 
HMT- 2b,  which  is  an  alkalic  olivine  basalt  from  above  an  ash  bed 
separating  it  from  thoieiite  (HMT- 2a).  Three  samples  from 
Haleakala  Volcano  were  analyzed  for  comparison  with  Chen  and 
Freys  (1983)  data;  they  include  a thoieiite  from  the  Honomanu 
Basah  (shield  buildingX  a hawaiite  of  the  Kula  Volcanics  (caldera 
fillingX  and  a basanitoid  of  the  Hana  Volcanics  (posterosionalX 
Haleakala  samples  are  also  from  the  late  Dr.  Macdonald's  collec- 
tion. K-Ar  ages  by  McDougall  (1964)  are  1.20  ±0.02  Ma  for 
olivine  basah  from  the  upper  part  of  the  Wailuku  Basalt, 
1.16  ±0.01  Ma  for  mugearite  and  trachyte  of  the  Honolua  Vol- 
canics, and  0.44-0.86  Ma  for  alkalic  rocks  of  the  Kula  Volcanics 
of  Haleakala.  Therefore,  the  isotopic  data  obtained  from  these 
samples  require  no  age  correction. 

EXPERIMENTAL  PROCEDURES 

About  100  mg  of  each  sample  were  dissolved  in  HF  and 
HNOj  with  spike  mixtures  of  ^”U.z>6U.230Th.20',pbt 
87Rb-®*Sr,  and  ,V0Nd-l4<>Sra  in  a PFA  leflon  vial.  First,  Pb  was 
separated  in  a 1/V  HBr  medium  using  a single  anion-exchange  resin 
column  of  100  fiL  volume  (Tatsumoto  and  Unruh,  I976X  The 
effluent  was  converted  into  IN  HNO,  solution.  The  U and  Th 
were  then  separated  using  an  anion-exchange  resin  column  of  600 
p.L  volume.  The  effluent  was  converted  into  HCI  solution,  and  Rb, 
Sr,  and  rare-earth  dements  (REE)  were  separated  using  a cation- 
exchange  resm  column  of  4 mL  volume.  The  Sr  was  punhed  using  a 
400  p.L  cation -ex  change  resm  column,  and  the  Nd  and  Sen  were 
separated  using  2-methyllactic  acid  in  a 600  p.L  cation-exchange 


1 ABU.  26. 1 . — Standard  analyses  for  sclalcd  elemetds  and  isotope  ratios 
[UiM«tUmlm  rrfrt  t<>  L.t  iqpulkani  rrpfrvnl  95  pmrat  txmfnlwHT  Wvrlt 


Sample 

1 * ’Nd/ 1 "Nd 

•7Sr/*‘Sr 

Rb 

(ppm) 

Sr 

(ppm) 

Sffl 

(ppm) 

Nd 

(ppm) 

La  Jolla 

standard 

0.51  1865H0 

— 

— 

-- 

— 

-- 

NBS  SRm-987 

standard 

— 

.710255130 

— 

— 

-- 

BCR-1 

.51265|li15 

.705009120 

96.97 

329.6 

6.69 

29.06 
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resin  column  (Nakamura  and  others,  1976). 

Pb  isotopes  were  measured  using  single  Re  filaments  with  a 
phosphoric  acid-silica  gel  in  a N BS  tandem-type  mass  spectrometer 
equipped  with  a I0n-(1  resistor.  The  beam  intensities  of  206 Pb 
ranged  from  3x  IO-12  to  I X 10“  10  A.  A mass-fractionation 
correction  of  0. 12  ±0.03  percent  per  atomic  mass  unit  was  applied 
to  the  raw  Pb  data.  The  U,  Th,  and  Rb  were  measured  using  Re 
triple  filaments  in  the  same  tandem  mass  spectrometer.  The  Sr,  Nd, 
and  Sm  isotopic  analyses  were  done  in  a VG  54R  mass  spec- 
trometer using  oxidized  Ta  filaments  for  Sr  and  Re-Ta  triple 
filaments  for  Nd  and  Sm  (Nakamura  and  others,  1976).  Sr  and  Nd 


isotopic  compositions  of  samples  were  deduced  from  the  spiked  runs 
by  normalizing  «5r/«Sr- 0.1194  and  ,4*Nd/,44Nd  = 0.7219. 
respectively,  using  a linear  fractionation  law  (Dodson,  1970).  The 
NBS  Sr  standard  SRM-982  and  La  Jolla  Nd  standard  were 
measured  in  runs  of  varying  (normal  865r)/(spike  wSr)  and  (normal 
144Nd)/(spike  ,i0Nd)  ratios  (up  to  unity  X and  we  found  that  spiked 
runs  agree  with  unspiked  runs  to  within  0.005  percent.  Four 
samples  (powdered)  that  showed  somewhat  high  87Sr/86Sr  ratios 
compared  to  other  samples  were  leached  with  67V  HQ  at  —80  °C 
for  10  h in  order  to  eliminate  alteration  effects  (O’Nions  and  others. 
1977;  Zindler  and  others,  1984)  The  leached  samples  were 


TABLE  26.2. — Stkcied  eUmcntal  conctnbdkm  and  citmatial  and  uotope  rcHot  in  umtplu  of  Maui  volumic  roc^i 

Rb  Sr  Sm  Nd  Pb  U Th  »,4U  ai,Th 

Sample  (ppm>  Rb/Sr  (ppm)  Sm/Nd  <pp»)  * ,*U 

WEST  MAUI 


Lahalna"  Volcanlca 


c-130 

basantte 

O 

2*15 

0.03*4 

*1.59 

19.91 

0.23 

1 - 38 

0.39 

1.16 

17.7 

3-1 

c-115 

basanlte 

*3.e 

705 

.062 

*1.82 

25.9*1 

.19 

3.03 

1 .40 

**.05 

28.9 

3.0 

KMT  79-5 

(C-115) 

*10.5 

667 

.061 

7.97 

39.42 

.20 

**.51 

1.54 

5.60 

21.4 

3.7 

Honolua  Volcanlca 


C-155 

mugearlte 

49.8 

1,331 

.037 

17.62 

87.05 

.20 

4.27 

1.22 

18.1 

4.7 

— 

-- 

— 

— 

-- 

— 

-- 

1.18 

5.33 

-- 

4.7 

— 

C-153 

hauailte 

8.7 

499 

.017 

9.06 

90.33 

.22 

1.59 

.46 

i.5i 

18.6 

3.9 

C-150 

mugearlte 

44.1 

1 ,149 

.038 

15.15 

71 .00 

.21 

4.23 

1 .66 

78.05 

24.7 

4.4 

C-149 

mugearlte 

48.2 

1 ,041 

.046 

14.95 

64.91 

.23 

5.04 

2.07 

6.14 

25.9 

3.1 

C-128 

trachyte 

59.1 

400 

.148 

14.63 

78.24 

.19 

7.27 

1.84 

7.24 

16.0 

4.1 

C- 116 

trachyte 

6«.5 

932 

.149 

20.33 

98.84 

.21 

6.15 

2.35 

7.45 

2«.3 

3.0 

— 

-- 

— 

— 

— 

-- 

-- 

2.55 

8.42 

— 

3.9 

— 

C-92 

trachyte 

50.0 

1 ,040 

.048 

15.67 

81.33 

.19 

4.56 

1.86 

4.34 

25.7 

2.7 

‘HMT79-26 

alkali  basalt 

3.9 

525 

.006 

8.58 

31.05 

.28 

2.04 

.29 

1 .46 

8.9 

5.3 

Walluku  Basalt 


HMT  79-3 

tholeiitlc  olivine 
basalt  (C-120) 

360 

.002 

5.51 

20.51 

.27 

.95 

.11 

.70 

7.3 

671 

C-119 

tholeiitlc 
olivine  basalt 

7.7 

«89 

.016 

8.10 

25.94 

.31 

1.16 

.35 

1.15 

19.1 

3.4 

C-118 

alkalic  olivine 
basalt 

1.4 

254 

.006 

4.20 

16.49 

.25 

1.20 

.23 

.61 

11.8 

2.8 

C— 117 

tholelitio 
olivine  basalt 

3.6 

382 

.009 

4.14 

16.96 

.24 

1.14 

.22 

.76 

12.1 

3.6 

’C-119 

alkalic  olivine 
basalt 

3.1 

739 

.004 

6.88 

27.41 

.25 

1.37 

.27 

1.23 

12.5 

4.7 

C-110 

tholeilte 

4.2 

319 

.013 

9.93 

17.92 

.27 

2.85 

.23 

.62 

5.0 

2.6 

’C-107 

thole ilte 

5.1 

356 

.014 

6.97 

25.99 

.27 

.96 

.27 

.77 

17.8 

2.9 

c-100 

tholeilte 

3.1 

346 

.009 

3.45 

13.07 

.26 

.87 

.20 

.68 

14.5 

3.5 

EAST  MAUI  (HALEAKAUU 


Hana  Volcanlca 


0129 

•H65-11 

basanltoid 
alkalic  basalt 

23.9 

18.8 

H 

^1 

Bfl 

2.09 

2.6 

23.6 

3.5 

Kula  Volcanlca 

C-127 

hawalite 

29.8 

831 

.036  7.53  37.40 

.20 

2.27 

.97 

3.05 

26.8 

3.3 

'H65-9 

alkalic  basalt 

19.9 

616 

.032  6.83  30.7 

.22 

— 

— 

2.1 

— 

— 

Honoaanu  Basalt 


C-122 

tholeiitlc  olivine 

4.72 

225 

.021 

4.23 

14.71 

.29 

1.08 

.20 

.51 

11.6 

2.6 

•C-122 

basalt 

4.11 

207 

.020 

3-73 

12.3 

.30 

- 

- 

.8 

- 

-- 

‘Analyses 

from  Unruh  and  others 

(oral 

common . , 

, 1985). 

•Chen  and  Frey  (1983). 
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Rb/Sr 

FlCURfc  26.2. — Plot  of  87Sr/*6Sr  ratio  agamst  Rb^Sc  r«t»  for  vampiri  d rokamc  rock*  from  Maui.  Dal*  for  Haleakala  from  Oka  and  Frey  (1983)  included.  Uncartamty 

ban  apply  lo  all  data. 


analyzed  only  for  Sr  isotopic  composition.  The  standard  runs  during 
this  study  averaged  ,4}Nd/,44Nd  = 0.5l  1865  ±0.000010  for  the 
La  Jolla  Nd,  and  ^Sr/^Sr  = 0.710265 ± 0.000030  for  NBS 

SRM-987  (table  26. 1).  No  instrumental  bias  corrections  were 
applied  to  the  isotope  data  in  table  26.3.  The  USGS  rode  standard 
BCR- 1 was  analyzed  once  during  the  course  of  this  study,  and  the 
results  are  listed  in  table  26. 1 . Blanks  for  the  analyses  are  in  ng: 

Pb,  0. 1 -0. 1 5;  U.  <0.01 ; Th,  <0.01 ; Rb.  0. 1 -0.2;  Sr.  0.5-1; 
Sm,  <0.03;  Nd,  <0.1. 

RESULTS 

TRACE-ELEMENT  CONCENTRATIONS 

The  elemental  concentration  data  for  volcanic  rocks  from  West 
Maui  and  Haleakala  are  listed  in  table  26.2.  Data  for  Haleakala 
samples  from  Chen  and  Frey  (1983)  are  also  included.  The  trace- 
element  abundances  of  Rb,  Sr,  Sm,  Nd,  Pb,  U,  and  Th  of  West 
Maui  and  Haleakala  are  similar  to  those  in  other  subaeria] 
Hawaiian  basalts  (Tatsumoto,  1978;  Clague  and  Frey,  1982; 
Roden  and  others,  I984X 

Plots  of  the  ratios  ®7Sr/w5r  versus  Rb/Sr  and  ,4)Nd/,44Nd 
versus  Sm/Nd  for  West  Maui  and  Haleakala  samples  are  shown  in 
figures  26.2  and  26.3,  which  include  data  from  Haleakala  obtained 
by  Chen  and  Frey  (1983).  The  variation  in  Rb/Sr  ratios  of  West 


Digitized  by  Google 


728 


VOLCANISM  IN  HAWAII 


Maui  volcanic  rocks  (fig.  26.2)  is  large  compared  to  that  of  the 
Haleakala  volcanic  rocks,  because  West  Maui  samples  contain 
highly  fractionated  alkalic  rocks  such  as  trachyte  that  do  not  occur  at 
Haleakala.  Sm/Nd  ratios  (fig.  26.3)  of  West  Maui  vary  from  0.31 
to  0.19  and  are  similar  to  those  of  the  Haleakala  volcanic  rocks. 


The  lowest  values  are  for  trachyte  and  basanite,  and  Rb/Sr  ratios  of 
these  rocks  are  correspondingly  high.  In  contrast,  l4’Nd/l44Nd 
values  of  West  Maui  volcanics  are  almost  constant.  Chen  and  Frey 
(1983)  discovered  profound  negative  correlations  between  parent'' 
daughter  abundance  ratios  and  radiogenic  isotope  abundances  in  the 


Table  26. 3.  — Isotope  data  for  Sr,  Nd,  and  Pb  in  samples  of  Maui  t'okank  roefa 

[UncrrUinljr*  tmcfHwwi  lo  U*i  Mcmftrtf*  hgtirHt)  and  are  ^5  p«rrmt  IcwJ  Unmlaintir*  for  Irml  are  Imuird  to  4 frw  bnautc  «f  rerrvrtm  vncrrUmtir*  for  nwut  ft*,tmrvrf*«i  j 


Sample 

Rock 

type 

*’Sr/MSr 

tSr 

***Md/,"M£l 

•no 

i..P6/...pb 

*.’Pb/***Pb 

*..pb/*..pb 

WEST  KAUI 

Lahaina  Volcanics 

C-130 

basanite 

0.70315±3 

-22.0 

■'llttiw 

8.7 

Mminwi 

15.452H* 

37.750**9 

.513107110 

C— 115 

basanite 

.70326*2 

-20.4 

.513034120 

7.7 

18.191111 

15.«60*1» 

37.833*99 

HMT79-5 

(C-115) 

.7032514 

— 

.513031118 

— 

.7032713 

Honolua  Volcanics 

■ugearlte 

.7034314 

-18.0 

.51304318 

7.9 

18.513111 

15. 494H* 

38.050**9 

C-153 

havallte 

.70  35313 

-16.6 

.51304117 

7.8 

I8.4*7il1 

15.45611* 

37.917*49 

C-150 

mugear lte 

.7034913 

-17.2 

.51306519 

8.3 

I8.502i11 

15. .ss*!* 

38.0  3 3**9 

C-1 49 

ougear lte 

.7034913 

-17.2 

.513037164 

7.7 

18.509H1 

15.489H* 

38.030*49 

C-1 28 

trachyte 

.7034713 

-17.5 

.513034120 

7.7 

I8.*92i1l 

15.«76*1« 

38.008*49 

C-1 16 

trachyte 

.7034015 

-17.3 

.513064*7 

8.3 

18.523H1 

15.47111* 

37. 961*49 

C-92 

trachyte 

.7035013 

-17.0 

.513035116 

7.7 

18. .82*11 

15.466*1* 

37.957*49 

HHT79-1  a 

(C-92) 

.7035514 

— 

.513033120 

— 

18. *87111 

15.46211* 

37.947*49 

HHT79-2b 

alkali  basalt 

.7035113 

— 

.513033120 

7.3 

I8.506t11 

15.56011* 

38.040*49 

'KMT79-2b 

.7035214 

— 

.51 300511 6 

— 

1B..7«*16 

15.535H6 

37.974**9 

Wailuku  Basalt 

W1T79-3 

tholel ltlc  olivine 

-17.2 

.513014*19 

7.3 

HLKLSm 

15.456t1 * 

37.925*50 

basalt  (C-120) 

C-119 

tholel  ltlc  olivine 

.7034714 

-17.5 

.51304**28 

7.9 

18.426111 

15.*72i14 

37.904*49 

basalt 

»rn9-2A 

(C-119) 

.7035613 

— 

.513025*20 

18.462H1 

15.45*11* 

37.899*49 

C-118 

alkalic  olivine 

.70364*11 

— 

.513049112 

8.0 

18.258m 

15.47111* 

37.762**9 

basalt 

*.7035912 

-15.8 

C-1 17 

tholeiltlc  olivine 

.7035913 

-15.8 

.513007115 

7.2 

18.404*15 

15.429  H4 

37.940t49 

basalt 

.7036U2 

'C-1H  alkalic  olivine  basalt  .703»6t* 

-17  .6 

.5t 3032122 

8.9 

18. *12*11 

15.472H* 

37.906*49 

C-1 10 

tholel  lte 

.7036313 

— 

.513053113 

8.1 

18.309H1 

15.476*1* 

37.874t*9 

*.7036513 

-14.9 

•C-107 

tholeilte 

.7031813 

-17.3 

.513070112 

8.1 

16.438*1  1 

15 , *99*1  * 

37.948*49 

C-100 

tholel lte 

.703611* 

.5*  3027i1 3 

7.5 

18. 365*11 

15.470*1* 

37.877*49 

■.703*4*3  -17.9 

EAST  HA UI  (HALEAKALA) 


Hana  Volcanics 


C-1 29 
*H65-1 

basanitoid 
alkalic  basalt 

.70325*3 

.70314*4 

-20.6 

-22.1 

.513070*13  8.4 

.5131012  9.0 

18.259*11 

15. *53*14 

37.828**9 

Kula  Volcanics 

C-1 27 
*H65-4 

hawai lte 
alkalic  basalt 

.70339*4 

.70334*3 

-18.6 

-19.3 

.513030*15  7.6 

.51302*1  7.4 

18.35U11 

37.938*49 

Honoaanu  Basalt 

C-1 22 
*C-122 

tholeilte  olivine 
basalt 

,70378±3 

.70374S4 

.70374*3 

.70387*4 

-0.1 

-11.8 

.512976*16  6.6 

.51291*2  5.3 

18.303m 

15.452*14 

37.92**49 

'Analyses  from  Stille  and 
*Chen  and  Frey  (1983). 

others  (1905). 

*0n  acid  leached  samples  (6N  HC1,  10  hours). 
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FlCiUkl.  26.4.  — Plot  of  ®7Sr/1,*Sf  ratio  agairit  l4,Nd'l,44Nd  ratio  for  Hawaiun  baud'.  Data  for  uunplr*  from  Maui  arr  shown  by  symbol*.  Data  for  Honomanu  Basalt. 
Kula  Volcanic*.  and  Hua  Volcanic*  of  HaleakaU  from  Chm  and  Frry  ( 1 963 ) arr  also  shown.  Also  shown  arr  firlds  for  Koolau  Basak  and  Waianae  Volcanic*,  Oahu; 
(Stillr  and  others . 1983;  Roden  and  others.  1964).  Loshi  (Staudigrl  and  olhm.  1964);  Koln*  Volcanic*,  Kauai,  ( O' N ions  and  others.  1977);  and  role  antes  from  Island 
of  Hawaii  (Stillr  and  other*,  in  prnwl  Data  for  postrrosional  basalt  appears  to  he  shifted  slightly  to  left  from  mam  Hawaiian  trend  and  close  to  East  Pacibc  Ridge  basak 
(Pacific  MORB)  held.  /).  and  £,,  possible  depleted  and  enriched  members,  respectively,  in  hypothetical  two-component  mixing  model.  Uncertainty  bars  apply  to  ail 
individual  symbols. 


Rb-Sr  and  Sm-Nd  systems.  Although  such  negative  correlations  for 
West  Maui  samples  are  somewhat  indistinct,  our  results  clearly  do 
not  support  the  mantle- isochron  concept  of  Brooks  and  others 
(1976X  who  proposed  that  a positive  correlation  of  Rb/Sr  with 
87Sr/wSr  corresponds  to  an  age  of  mantle  differentiation  of  1 .8  Ga. 
The  trace-element  concentrations  of  Maui  tholeiite  (this  study;  Chen 
and  Frey,  1983)  are  distinctly  higher  than  those  of  normal  mid- 
ocean-ridge  basalt  (N-MORB)  but  are  comparable  to  those  in 


enriched  MORB  (P-MORB)  (see,  for  example,  Tatsumoto  and 
others,  1963;  Cohen  and  O’Nions,  1982). 

For  seven  samples  from  the  Wailuku  Basalt,  West  Maui.  Rb 
and  Sr  concentrations  and  Rb/Sr  ratios  are  similar  to  those  of  the 
Koolau  Basalt,  Oahu  (Roden  and  others,  1984)  (sample  HMT 
79-3  is  omitted  because  of  its  weathered  nature)  However,  the  Rb 
concentrations  and  Rb/Sr  ratios  of  Wailuku  rocks  appear  to  be 
distinctly  lower  than  those  of  Loihi  tholeiite  (Frey  and  Clague, 
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1963;  Staudigel  and  others,  1984X  although  their  ®7Sr/®6Sr  ratios 
are  similar. 

ISOTOPIC  COMPOSITIONS 

The  Sr,  Nd,  and  Pb  isotopic  data  for  West  Maui  and 
HaJcakala  are  listed  in  table  26.3.  The  Sr  and  Nd  data  of 
HaJeakala  by  Chen  and  Frey  (1983)  are  also  included  in  the  table. 
The  Nd-Sr  data  of  West  Maui  basalt  are  plotted  on  a Nd-Sr 
correlation  diagram  in  figure  26.4. 

The  C-series  samples  generally  appear  to  be  fresh;  however,  a 
87S*7®6Sr  value  higher  than  0.7036  in  one  of  the  three  Wailuku 
samples  proved  to  be  related  to  alteration.  Sample  HMT  79-2b 
also  shows  slight  alteration  and  a higher  87Sr/®6Sr  value. 

The  87Sr/®6Sr  ratio  of  all  samples  from  West  Maui  varies  from 
0.70315  to  0.70364,  which  correspond  to  an  range  of  7.0 
(0.07  percent)  and  is  well  within  the  range  (0.7031-0.7046; 
range,  21 .3)  of  Hawaiian  volcanic  rocks  so  far  reported  (Lanphere 
and  others,  1980;  Chen  and  Frey,  1983;  Stille  and  others,  1983,  in 
press;  Roden  and  others,  1984)  The  (.5,  is  the  deviation  in  parts 
per  ten  thousand  from  the  present  day  bulk  earth  value  of 
87Sr/86Sr  = 0.7047  (O’Nion*  and  others,  1977).  Although  the 
bulk -earth  value  has  been  debated  (for  example,  Zindler  and  others, 
I982X  use  the  just  few  convenience  to  compare  ®7Sr/®6Sr 
variations  in  the  present  paper.  The  variation  is  smaller  than  that  for 
the  three  Haleakala  volcanic  sequences  (0.70307-0.70387;  eSr 
range,  11.4)  and  the  tholeiitie  series  of  Koolau  (0.70367- 
0.70458;  65,  range,  12.9X  but  it  is  similar  to  that  for  the  Loihi 
Seamount  volcanics  (0.7033-0.7037;  63*  range,  5.7,  Staudigel 
and  others.  1984X  Similar  a7Sr/86Sr  ratios  (0.70346-0.70370) 
for  West  Maui  volcanic  rocks  are  also  reported  by  Feigenson  and 
others  (I984X  The  shield -building  Wailuku  Basalt  and  the  late- 
stage  Honolua  alkalic  rocks  from  West  Maui  have  an  almost 
constant  87Sr/®6Sr  ratio  of  0.70353  ± 0.00010,  corresponding  to 
an  £5,  range  of  only  1 .4.  The  87Sr/B6Sr  ratios  are  distinctly  smaller 
than  those  of  Honomanu  Basalt  but  slightly  higher  than  those  of 
Kula  alkalic  rocks  from  Haleakala  The  87Sr/86Sr  ratio  of  Lahaina 
basanite  from  West  Maui  is  distinctly  smaller  than  that  of  volcanic 
rocks  of  the  earlier  stages,  but  similar  to  those  in  the  Hana  Volcanics 
at  Haleakala  (fig.  26.2)  and  m the  Honolulu  Volcanics  on  Oahu 
(Stille  and  others,  I983X 

Chen  and  Frey  (1983,  fig.  I)  reported  that  the  ,43Nd/,44Nd 
ratio  in  Haleakala  rocks  varies  from  0.51313  to  0.51291.  This 
variation  corresponds  to  an  fN(j  variation  of  4.2,  and  Nd  isotopic 
ratios  are  negatively  correlated  with  Sm/Nd  ratios.  Lake  eNd  is 
the  deviation  in  parts  per  ten  thousand  from  the  present  day  bulk- 
earth  value  of  ,45Nd/l44Nd  = 0.51264  (DePaolo  and  Wasser- 
burg,  1976)  In  contrast  to  HaJeakala,  the  ,45Nd/,44Nd  ratio  of  all 
samples  analyzed  from  West  Maui  exhibits  almost  constant  values 
(0.51301  to  0.5I309X  which  correspond  to  an  tN<1  range  of  only 
1.6.  Furthermore,  ,4,Nd/l44Nd  ratios  for  shield-building  Wailuku 
Basalt  and  alkalic  Honolua  Volcanics  vary  from  only  0.51301  to 
0. 51 307.  these  valves  correspond  to  a narrow  range  of  f of  1.2. 


The  Sr  and  Nd  ratios  of  West  Maui  volcanic  rocks  are 
inversely  correlated  and  plot  at  the  upper  end  of  the  Hawaiian  data 
array  shown  in  figure  26.4  (Stille  and  others,  1983,  1985;  Roden 
and  others,  1984;  Staudigel  and  others,  I984X  The  Lahaina 
Volcanics  (posterosional)  has  similar  ,43Nd/,44Nd  ratios  to  the 
underlying  rocks  but  smaller  87Sr/®6Sr  ratios.  Consequently,  the 
Lahaina  data  are  shifted  slightly  to  the  left,  close  to  the  MORB 
field,  and  plot  in  the  fields  of  Hana  (Haleakala)  and  Honolulu 
(Oahu)  data. 

The  Pb  isotopic  compositions  of  West  Maui  samples  are  shown 
in  a diagram  plotting  ^Pb/^Pb  against  207Pb/204Pb  and 
208Pb/204Pb  in  figure  26.5.  Note  that  the  scale  for  207Pb/2O4Pb  u 
expanded  five  times  relative  to  those  for  ^Pb/^Pb  and 
zoepb/zospb  The  variation  in  Pb  isotopic  compositions  (table 
26. 3)  is  partly  caused  by  measurement  errors  associated  with  mass 
fractionation.  However,  the  ratios  of  West  Maui  samples  van 
beyond  measurement  errors. 

The  Pb  isotopic  compositions  of  West  Maui  volcanic  rocks  fall 
within  the  field  for  Hawaiian  volcanic  rocks  between  Waianae 
(Oahu)  and  Kilauea  (Hawaii);  in  contrast  to  the  Sr  and  Nd 
isotopes;  however,  the  West  Maui  rocks  display  the  largest  range  in 
Pb  isotopic  composition  of  any  single  Hawaiian  volcano  so  far 
determined  except  Loihi.  On  the  other  hand,  Pb  isotopic  compost 
lions  of  Honomanu,  Kula,  and  Hana  rocks  from  Haleakala  show 
smaller  variations  compared  to  West  Maui,  although  Nd  and  Sr 
show  larger  variations  (Chen  and  Frey,  I983X  However,  only  three 
samples  from  Haleakala  were  analyzed  m the  present  study.  The  Pb 
data  for  Haleakala  measured  by  Chen  and  Frey  are  not  published 
and  were  compiled  from  Staudigel  and  others  (1 984,  fig.  5X  and  the 
actual  sample  population  is  not  known  to  us.  The  least  radiogenic 
Pb  in  Wailuku  samples  is  similar  to  those  in  the  Haleakala  samples, 
but  Pb  in  upper  Wailuku  samples  is  more  radiogenic.  The  Pb  m the 
alkalic  late-stage  Honolua  Volcanics  is  more  radiogenic  than  that  of 
the  Wailuku  samples  showing  oceanic -crust  assimilation  as  discussed 
later.  Alkali  basalt  sample  HMT  79-2b  has  a significantly  high 
207Pb/204Pb  ratio  compared  to  other  samples  (fig.  26. 5X  The  data 
fall  on  the  “1 ,8-Ga  MORB  trend"  instead  of  the  “0.9-Ga 
Hawaiian  trend”  in  the  plot  of  ^Pb/^Pb  versus  207Pb/2O4Pb 
(Talsumoto,  1978)  and  indicate  a Pb-isotopic  diversity  in  Hawaiian 


FIGURE  26.5.  — Plots  of  ratio  against  w?Pb  ^Pb  *n*l 

Aapk’itMpt,  ratios  for  Hawaiian  volcanic  rock*.  Data  from  Maui  (dun  l 
Island  of  Hawaii  (TaUumnto.  1978),  Oahu  (Stalk  and  others.  19031  Koina 
Volcanics.  Kauai  (Sun.  19001  and  Lodu  (Staudigel  and  others.  1 904 X Data  of 
shield  building  and  caldrra-fclhng  rock*  from  West  Maui  plot  m large  area  uandar 
to  Loihi  data  but  with  lower  ^Ptv^Pb.  whereas  pastrrouonal  rocks  are  less 
rad*o#rmc  and  plot  close  to  Hana  Vokanacs  (Haleakala)  and  Honolulu  Vokaaan 
(Oahu)  Hawaiian  basalt  data  fall  on  apparent  isochron  of  ~0.9  Ga.  whereat 
some  data  plot  near  1.8  Ga  MORB  trend.  In  upper  diagram,  reference  hoes  with 
K (lUlVZMU)  - 10  are  shown  for  ages  of  0 9 and  1.8  Ga.  Uncertain 
ellipses  apply  to  data  of  thn  study. 
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206pb/204pb 

EXPLANATION 


West  Maui  Haleakala 

■ 0 Shield  building 

# O Caldera  filling 

A A Poateroiiortai 

Figure  26.6.  — Plot  of  ^ph/^wpb  ratio  igauut  fl7Sri‘M*‘Sr  ratio  for  Hawaiian  rock*.  Sources  of  data  as  in  figures  26.4  and  26.  5.  Shield  building  and  caldera-filling  rocks 
from  West  Maui  plot  in  and  near  field  for  Loihi,  whereas  posleroiianal  rocks  plot  to  less  radiogenic  ude  of  trend.  Also  shown  a/e  hypothetical  mixing  curves  between 
depleted  and  enriched  sources:  A.  Q|  - 1;  B.  Q ■ -0.5;  C.  Qi  - 10.  See  discussion  in  tat.  Dc  and  £, , snfrrred  depleted  and  ennched  components,  respect isrly 


basalt.  Although  these  peculiar  data  need  confirmation,  it  is  con- 
ceivable that  the  high  i07Pb/i04Pb  ratio  is  the  reflection  of  oceanic 
lower  crust  involvement;  the  basalt  locally  contains  I -cm  gabbrotc 
clots.  Basanite  of  the  Lahatna  sequence  has  less  radiogenic  Pb  than 
Wailuku  tholeiite,  indicating  a different  origin  from  the  underlying 
volcanic  rocks. 


ITie  Pb,  Sr,  and  Nd  data  for  Hawaiian  volcanic  rocks  are 
shown  in  plots  of  ^Pb/^Pb  versus  ®*Sr/**5r  and  mNd',,44Nd 
diagrams  in  figures  26.6  and  26.7.  Differences  between  the 
posterosional  Lahatna  Volcanic*  and  the  underlying  rocks  arc  more 
evident  on  the  Sr-Pb  diagram.  The  Pb  becomes  slightly  more 
radiogenic , and  the  Sr  becomes  slightly  less  radiogenic  moving  from 
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rock  types  from  the  Waianae  Volcano  (Stille  and  others,  I983X 
These  isotopic  similarities  between  tholeiitr  and  alkali  basalt  appear 
to  be  consistent  with  results  of  high-pressure  experiments.  Distinct 
differences  in  R7Sr/86Sr  ratio  between  shield -building  Koolau 
tholeiite  and  nephelmitic  Honolulu  Volcanics  from  Oahu  have  been 
observed  for  about  two  decades  (Powell  and  Delong,  1966).  Recent 
Sr-isotope  measurements  (Lanphere  and  Dairymple,  I960)  as  well 
as  studies  of  Pb,  Nd,  and  Hf  isotopes  in  Oahu  volcanic  rocks  (Stille 
and  others,  1983;  Roden  and  others,  1984)  have  confirmed  the 
isotopic  differences  between  the  two  rock  series.  Thus  Tatsumoto 
(1978)  and  Stille  and  others  (1983)  suggested  a close  genetic 
relationship  exists  between  tholeiite  and  late-stage  alkali  basalt,  but 
that  nephelmitic  rocks  are  of  independent  origin.  This  suggestion 
derived  from  isotopic  studies  is  consistent  with  Jackson  and  Wight's 
(1970)  view;  from  a study  of  xenoliths  they  concluded  that  the 
Honolulu  Volcanics  originated  from  garnet  Iherzolite  at  greater 
depths  than  the  Koolau  tholeiite  magma. 

In  contrast,  Chen  and  Frey  (1983)  found  that  Sr  and  Nd 
isotopic  compositions  of  Honomanu  Basalt  (shield-building  stage X 
Kula  Volcanics  (alkalic  basalt X and  Hana  Volcanics  from 
Haleakala  are  distinctly  different  among  the  three  sequences  and  are 
inversely  correlated  with  Rb/Sr  and  Sm/Nd  ratios.  Chen  and  Frey 
invoked  a two-component  melt-mixing  model  to  account  for  the 
isotopic  and  incompatible-element  relationships.  Present  Nd  and  Sr 
isotopic  data  for  West  Maui  volcanics  do  not  show  such  clear 
distinctions  as  Chen  and  Frey  observed  for  the  east.  These  results 
may  indicate  that  Haleakala  late-stage  magma  had  crustal  con- 


tamination along  differentiation  and  changed  its  isotopic  signature, 
while  West  Maui  magma  had  little  assimilation  along  differentiation. 

Staudige!  and  others  (1984)  stated  that  the  heterogeneous 
isotopic  character  of  Loihi  Seamount  volcanic  rocks  may  attest  to 
Loihis  inability  to  homogenize  lava  before  eruption,  whereas  par- 
ental magma  of  more  mature  and  active  volcanoes  may  be  well  mixed 
in  established  magma  chambers.  Waianae  (Stille  and  others,  1983) 
and  West  Maui  data  seem  to  support  such  a hypothesis. 

Staudigel  and  others  ( 1 984)  argued  that  Honolulu  and  Koolau 
data  define  two  extreme  positions  in  the  ,43Nd/l44Nd-87Sr/86Sr 
correlation  diagram,  with  Kilauea  data  falling  in  the  center,  but  that 
the  Honolulu  and  Koolau  data  fall  close  to  one  end  of  the 
^Pb/^Pb-^Pb/^Pb  trend  (fig.  26.5).  They  used  this  incon- 
sistency to  preclude  simple  mixing  of  two  end  members.  We  observe, 
as  shown  in  the  previous  section,  that  on  the  plot  of  ®7Sr/86Sr  versus 
l43Nd/,44Nd  (fig.  26.4)  Kilauea  and  Koolau  are  two  extremes 
(Kilauea  does  not  fall  in  the  center)  that  define  the  general  trend 
(tholeiite  and  late-stage  samples)  of  the  Hawaiian  volcanic  rocks. 
Posterosional  volcanic  rocks  of  Honolulu,  Hana.  and  Lahama 
deviate  to  the  left  of  the  general  trend,  implying  a three-component 
system. 

On  the  206Pb/204Pb-207Pb/204Pb  plot  of  figure  26.5, 
Koolau  deviates  slightly  from  the  general  trend  of  Waianae.  Hono- 
lulu, and  Kilauea.  This  deviation  is  even  more  pronounced  in  the 
plot  of  2«>Pb/204Pb  versus  *»Pb/204Pb.  In  these  Pb-Pb 
diagrams,  the  denominator  of  the  ratios  on  each  axis  is  the  same 
(204 pb);  therefore,  data  representing  two-component  mixing  should 
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Fic.ure  26. 10.  — Pic*  nf  irt*Pb''*HPb  r*lio  AgAintl  ®,Sr/Bft5r  ratio  for  oceanic  b«*lt  Dal*  from  Tatiumirfo  (I978X  Sun  (I90OX  ZmdQcr  and  other*  (1982X  EXiprr  and 
Allege  (1963X  Stille  and  other*  ( 1983,  in  preul  and  Staudigel  and  other*  (I984X 


define  a linear  correlation.  It  is  evident  from  the  Pb  data  that 
Hawaiian  volcanics  must  be  described  by  a model  using  at  least 
three  components. 

Evidence  for  at  least  three  components  can  also  be  obtained 
from  the  Pb-Sr  and  Pb-Nd  relations  among  Hawaiian  basalt,  as 
shown  in  figures  26.6  and  26.7.  Relative  positions  of  data  points  for 
Hawaiian  basalt  on  the  2^Pb/-fMPb-ft7Sr|M6Sr  diagram  (fig.  26.6) 
are  very  similar  to  those  on  the  ^Pb/^Pb  207Pb/206Pb  diagram 
(fig.  26. 5 X and  the  former  resembles  an  expanded  (^-axis)  plot  of 
the  latter.  This  resemblance  is  observable  not  only  for  Hawaiian 
rocks  but  also  on  a global  scale  for  all  oceanic -island  basalt  (OIB) 
(see  figs.  26.8  and  26. 9).  The  plot  206Pb/204Pb  versus 
u,Nd/l44Nd  is  an  upside  down  image  of  tbe  plot  of  206Pb/2t>4Pb 
versus  B7Sr/86Sr  (see  figs.  26.10  and  26. 1 IX  The  shield- building 
Wailuku  Basalt  and  the  late-stage  Honolua  Volcanics  lie  dose  to  the 
Koolau- Kilauea  trend,  but  the  posterosional  Lahama  Volcanics 
plots  near  I I ana  Volcanics  data  on  both  diagrams  (figs.  26.6  and 

26.7k 

In  our  previous  paper  (Hegner  and  others.  I986X  in  order  to 
test  Chen  and  Frey*  two-component  mixing  model,  we  followed 
their  premise  that  the  enriched  component  has  isotopic  compositions 
dose  to  those  of  bulk-earth  Sr  and  Nd  (similar  to  Koolau)  and  the 
depleted  source  has  isotopic  compositions  similar  to  MORB  or  to 


Kilauea.  However,  the  Pb  isotopic  compositions  of  the  depleted 
MORB  and  Kilauea  arc  not  similar,  and  we  use  the  depleted- 
MORB -like  Pb  for  the  present  discussion  instead  of  Kilauea -like 
Pb  used  in  our  previous  paper.  Posterosional  alkali  basalt  of  the 
Lahaina  (West  MauiX  Hana  (HaleakalaX  Honolulu  (OahuX  and 
Koloa  (Kauai)  sequences  all  have  similar  Pb  values  near 
2ft6Pb/204Pb  — 18.2,  which  is  higher  than  that  (—17.9)  of  Koolau. 
and  these  rocks  cannot  be  one  of  the  end  members  in  the  two- 
component  mixing  model,  even  though  their  Sr-Nd  characteristics 
are  closest  to  MORB  among  Hawaiian  basalt.  In  figures  26.6  and 
26.7,  we  set  the  following  values  of  ratios  for  the  two  hypothetical 
end  members  in  order  to  demonstrate  the  shortcomings  of  a two- 
component  mixing  model:  ^Pb/^Pb  = I 7. 3.  19; 
*7Sr,,86Sr  = 0.702,  0.7045;  »4*Nd/,44Nd  = 0.5l34.  0.51264— 

for  the  depleted  and  enriched  components,  respectively. 

Chen  and  Freys  (1983)  model  proposed  that  a melt  produced 
from  the  enriched  end  member  (mantle  plume)  mixes  with  melt 
formed  by  low  degrees  of  melting  (<2  percent)  of  a depleted 
MORB  source.  Tbe  melting  degree  of  MORB  progressively 
decreases  (thereby  abundances  of  incompatible  elements  increase) 
but  mixing  amounts  progressively  increase  from  tholeute  through 
late  stage  alkalic  rocks  to  posterosional  volcanic  rocks.  According  to 
this  model,  elements  with  stronger  incompatibility  in  mantle  minerals 
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Figure  26. 1 1 . — Plot  of  ^Pb/^Pb  r*Ln>  against  l4iNd'',44Nd  ratio  for  oceanic  basalt.  Data  are  from  Tatsumoto  ( 1978X  Son  ( I980X  Zmdler  and  odwrs  ( I982X  Dupe* 
and  Alltfre  (I983JI  Slille  and  others  (1963.  in  prctsX  *»>d  Staudigd  and  others  ( 1904  X 


are  more  enriched  in  later  stage  volcanic  products.  Because  isotopic 
compositions  of  Pb,  Sr,  and  Nd  do  not  change  by  melting,  these 
elements  must  have  more  MORB  characteristics  in  postcrosional 
volcanic  rocks  than  in  underlying  volcanic  rocks.  Consequently, 
parent -daughter  elemental  abundances  and  isotopic  compositions  of 
Sr  and  Nd  are  negatively  correlated  in  Haleakala  volcanic  rocks. 

General  equations  for  two-component  mixing  have  been  dis- 
cussed by  Volbner  (1976)  and  Langmuir  and  others  ( I978)l  Mixing 
curves  of  ratio-to- ratio  plots  of  206Pb/207Pb  versus  M7Sr  lW6Sr  (fig. 
26.6)  and  **Pb/204Pb  versus  ,4JNd/,4«Nd  (fig.  26.7)  are 
hyperbolae,  whose  curvature  is  controlled  by  the  ratio  of  elemental 
abundance  ratios  of  the  two  elements  in  a MORB  melt  relative 
to  that  in  a melt  of  enriched  component  (that  is,  Q,  = 
(Pb/SrJMoRn/tPb/Sr)^,^,  or  Q2=  (Pb/Nd)MORB/ 


(Pb/Nd)^^.  When  Q,  or  Q2  is  in  unity,  the  mixing  curve  will 
be  a straight  line.  (Partition  coefficients  of  common  mantle  minerals 
are  listed  in  table  26.4.  The  values  for  Rb,  Sr,  La,  Cc,  Nd,  and 
Sm  are  from  Chen  and  Frey  (1984)  and  Clague  and  Frey  (1982). 
For  setting  the  Th  values,  those  reported  by  Clague  and  Frey 
(I982X  Tatsumoto  ( I978X  and  Sun  (1980)  arc  used.  The  values  for 
U and  Pb  are  selected  rather  arbitrarily  from  the  consideration  of 
U/Pb  and  U/Th  ratio  changes  in  basaltic  rocks.  Incompatibility  of 
Pb  is  assumed  to  be  less  than  U.  but  higher  than  Sr,  considering  that 
the  U/Pb  ratio  in  a melt  increases  from  that  in  the  source  during 
partial  melting.  I"hc  actual  Pb  partition  coefficient  for  mantle  silicate 
minerals  may  be  smaller  than  the  value  estimated.  However,  Pb  is 
one  of  the  chalcophile  elements,  and  the  bulk  partition  coefficient  for 
the  mantle  may  not  be  much  different  from  the  value  estimated  from 
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Table  26.4. — Partition  <oejfkieni*  of  orthafiffraxene  (opx),  akome.  clmopyroxene 
(cpx).  and  garnet  far  teiccted  element* 

[CorftrwtiU  other  than  for  Pt».  U.  and  Th  are  from  Chen  and  Frey  { 1% 3)) 


Element 

Opx 

Olivine 

Cpx 

Garnet 

Rb 

0.00010 

0.0001 

Sr 

.00020 

.0005 

Nd 

.00190 

.0013 

.0900 

.0184 

Sm 

.00280 

.0019 

.1400 

.0823 

Pb 

.00015 

.0002 

.0500 

.0050 

U 

.00010 

.0001 

.0180 

.0015 

Th 

.00010 

.0001 

.0150 

.0010 

La 

.00050 

.0005 

.0200 

.0010 

Ce 

.00090 

.0008 

.01100 

.0033 

U/Pb  ratios  in  basalt. 

The  initial  concentrations  of  the  relevant  elements  for  MORB 
and  enriched  sources  are  listed  in  table  26. 5.  The  values,  except  U, 
Th,  and  Pb,  are  from  Chen  and  Frey  ( 1963)  The  values  for  U, 
Th,  and  Pb  were  chosen  on  the  basis  of  the  concentration  data 
reported  in  this  study  and  previously  reported  (for  example,  Tat- 
sumoto,  1978;  Sun,  1980)  and  on  the  basis  of  partition  coefficients 
listed  in  table  26.4. 

Modal  compositions  of  the  MORB  and  enriched  sources,  melt 
compositions,  and  partition-coefficient  values  for  Sr  and  Nd  are 
from  Chen  and  Frey  (1983)  The  bulk  solidliquid  partition  coeffi- 
cients of  Th,  U,  Pb,  and  Sr  calculated  for  a basaltic  liquid  in 
equilibrium  with  a solid  composed  of  60  percent  olivine,  25  percent 
orthopyroxene,  10  percent  dinopyroxene,  and  5 percent  garnet 

(Chen  and  Frey,  1983)  are  0.00164,  0.00196.  0.00541.  and 
0.00790,  respectively.  We  assumed  that  the  melts  composed  of 
olivine  (10  percent)  orthopyroxene  (10  percent)  dinopyroxene  (40 
percent)  and  garnet  (40  percent)  If  these  partition  coefficients  and 
concentrations  in  the  two  end  members  of  table  26.5  are  used,  Q, 
and  Q 7 must  both  be  about  1 0 in  order  to  cover  Koolau  data  on  the 
hyperbolae.  However,  if  the  values  in  tables  26.4  and  26.5  are 
used,  the  maximum  calculated  Q,  and  Q2  are  only  1.23  and  1.34, 
respectively,  even  for  an  extreme  mixing  case  of  0.001  percent  melt 
of  the  MORB  source  with  20  percent  melt  of  the  enriched  source. 

Tests  were  made  using  varying  Dpi,  in  the  range  of 
0.0025-0.010  and  Pb  concentrations  of  the  enriched  mantle  source 
in  the  range  of  0.08-1.7  ppm.  However,  we  could  not  obtain  Q( 
and  Q2  larger  than  4 in  any  conceivable  combination.  Therefore,  we 
conclude  that  the  two-component  mixing  model  is  not  adequate  to 
explain  Hawaiian  isotope  data  and  that  at  least  three  isotopically 
distinct  sources  are  required  to  account  for  the  observed  data.  Stillc 
and  others  (in  press)  reached  the  same  conclusion  by  using  depleted 
and  enriched  end  members  similar  to  those  listed  above  but  with  the 
Pb  isotopic  compositions  of  the  two  end  members  reversed. 

Recent  isotope  studies  of  Hawaiian  volcanic  rocks  also  imply 
multicomponent  hypotheses  (for  example,  Stille  and  others,  1983,  in 
press;  Roden  and  others,  1984;  Staudigel  and  others,  1984; 
Hegner  and  others,  1986)  but  some  differences  oust  between 
studies  in  the  assignment  of  the  isotopic  components  to  specific 
mantle  sources.  From  the  preceding  discussion  on  the  Pb-Sr-Nd 
isotopic  characteristics,  it  is  essential  that  Koolau,  Kilaura.  and  the 


TABLE  26. 3.  — Elemental  crwxpwitioni  of  the  inferred  MORB  and  enriched  mande 
taunt*  of  We*t  Maui  ookanic  rock* 


Component 

MORB  Enriched  mantle 

Initial  concentration 

(ppm) 

Rb 

0.1 

0.73 

Sr 

13.2 

23.7 

Nd 

.86 

1 .2 

Sm 

.32 

.39 

Pb 

.08 

.17 

U 

.009 

.02 

Th 

.028 

.077 

La 

.31 

.71 

Ce 

.95 

1.9 

Isotope  ratios 

7.08 

8.12 

I”Th/,,,U 

3.21 

3.98 

posterosional  volcanic  rocks  (Lahaina,  liana,  and  Honolulu)  are 
the  roost  octreme  in  terms  of  isotopic  composition,  and  all  other 
Hawaiian  data  fall  in  a field  bounded  by  these  end  members.  In  the 
following  discussion  on  the  origin  of  Hawaiian  basah,  we  will  refer 
to  these  as  the  Koolau,  Kiiauea,  and  PE  (posterosional)  compo- 
nents (Stille  and  others,  in  press)  although  we  recognize  that  the 
pure  end  members  are  probably  more  extreme  in  composition  than 
the  Koolau,  Kiiauea,  and  PE.  A rigorous  test  using  three-dimen- 
sional regressions  of  the  Hawaiian  data  was  made  in  our  previous 
paper  (Stille  and  others,  in  press)  and  will  not  be  repeated  here. 

Staudigel  and  others  ( 1 984)  proposed  that  the  Koolau  compo- 
nent represents  an  enriched  portion  of  the  oceanic  lithosphere. 
Kiiauea  the  mantle  plume,  and  PE  the  uppermost  lithosphere  or 
crust.  We  have  previously  proposed  (Tatsumoto,  1978;  Stille  and 
others,  1983,  in  press;  Hegner  and  others,  1986)  that  the  main 
t hoi  elite  and  late-stage  alkalic  trend  is  predominantly  a plume 
lithosphere  mixing  trend  with  Koolau  having  the  largest  proportion 
of  plume  and  Kiiauea  having  the  largest  proportion  of  oceanic  crust 
or  lithosphere.  In  our  previous  model,  the  PE  component  was 
derived  from  the  depleted  upper  mantle  (MORB  source  or  matenaJ 
residual  from  MORB  production)  The  reasoning  behind  this 
interpretation  is  presented  below. 

The  Koolau  component  has  low  ^Pb/^Pb  and 
,43Nd/l44Nd  ratios,  but  high  207PW204Pb.  ^Pb/^Pb,  and 
®7SW**Sr  ratios;  Koolau  data  therefore  plot  distinctly  below  the 
mantle  plane  of  Zindler  and  others  (1982)  Such  isotopic  charac- 
teristics might  be  assigned  to  recycled  oceanic  lithosphere  (Hofmann 
and  White,  1982)  However,  as  will  be  discussed  later  (fig.  26.9) 
Koolau  and  Walvis  Ridge  data  fall  on  the  left  side  of  the  mantle 
array  in  a Nd-Sr  correlation  diagram  with  Kerguden  as  the 
enriched  member,  whereas  Samoa  and  Society  Island  data,  which 
arc  considered  to  present  the  most  convincing  evidence  for  having  a 
reeyded-crust  component  (White  and  Hofmann.  1982)  plot  on  the 
opposite  side  of  the  mantle  array. 

Staudigel  and  others  (1984)  alternatively  proposed  that  the 
Koolau  component  may  represent  an  enriched  part  of  the  (lower) 
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oceanic  Lithosphere,  which  originated  from  ancient  metasomatized 
mantle  and  accreted  to  the  lithosphere  at  or  near  the  ridge.  Such  an 
interpretation  may  be  possible,  but  the  proposed  physical  process 
should  be  tested  as  more  OIB  data  become  available.  The  process 
of  metasomatism  is  not  well  understood,  and  the  chemical  composi- 
tion of  the  hydrothermal  fluids  proposed  to  be  involved  in  meta- 
somatism appear  to  vary  widely  depending  on  the  type  of  process 
postulated.  This  obscurity  is,  we  believe,  largely  caused  by  a 
tendency  to  arbitrarily  attribute  unexplainable  enrichments  in  incom- 
patible elements  to  metasomatism. 

Wight  (1964)  postulates,  from  rigorous  comparison  of  chemi- 
cal composition  between  MORB  and  Hawaiian  tholeiite,  that  the 
latter  originated  from  depicted  mantle  that  has  been  metasomatized 
by  a liquid  with  a composition  of  nephelinite  plus  amphibole  (plus 
some  minor  phases);  hence  such  metasomatism  is  characterized  by 
H20  and  alkali-rich  fluids  (Hawkesworth  and  others,  1979}  The 
metasomatized  rocks  would  have  high  Rb/Sr  ratios  and  eventually 
high  B7Sr/86Sr  ratios.  Consequently,  Nd-Sr  data  for  these  rocks 
would  plot  on  the  right-hand  side  of  the  mantle  array  on  a Nd-Sr 
diagram.  Most  Nd-Sr  data  of  the  Hawaiian  tholeiite  plot  is  indeed 
on  the  right-hand  side  and  support  Wights  postulation.  However, 
Koolau  data  plot  on  the  lower  left  side  of  the  array.  Furthermore, 
because  Koolau  Pb-Sr  data  appear  to  be  unique  among  all  OIB 
(see  next  section),  we  interpret  Koolau  as  a unique  end  member.  If 
Koolau  originated  from  metasomatized  mantle,  the  proposed  meta- 
somatizing  fluids  would  also  have  to  have  been  unique  in  their 
enrichment  in  alkali  and  light  REE  without  enrichment  in  U relative 

to  Pb. 

In  contrast,  we  have  postulated  that  ancient  metasomatism 
would  slightly  decrease  the  Rb/Sr  ratio  and  increase  U/Pb  if  the 
metasomatizing  fluid  is  carbonalite-like  (Tatsumoto  and  others, 
1984)  so  that  fairly  low  87Sr/*>Sr  but  high  206Pb  and  207Pb  values 
would  result  from  the  process.  Koolau  data  plot  on  the  lower  left  of 
the  mantle  array  on  the  Nd-Sr  correlation  diagram  but  show  very 
low  206 Pb  values.  Tims,  Koolau  isotope  data  are  not  consistent  with 
a hypothesis  of  such  a metasomatized  source.  Kilauea  tholeiite. 
however,  could  be  related  to  metasomatism  because  those  data  plot 
on  the  right-hand  side  of  the  Nd-Sr  mantle  array  and  show  a high 
206Pb/204Pb  ratio  (although  in  this  paper  we  interpret  the  Kilauea 
end  member  to  represent  lithosphere  contamination  instead  of  meta- 
somatism} 

Stifle  and  others  (1983,  in  press)  have  shown  that  the  isotopic 
characteristics  of  Koolau  samples  are  consistent  with  an  origin  from 
primitive  lower  mantle  and  that  the  Koolau  component  may  be 
unique  among  oceanic  basalt.  Alternatively,  the  Koolau  component 
may  represent  a less  depleted  or  possibly  even  enriched  upper  mantle 
material  that  exists  as  a distinct  body  (see,  for  example,  Davies, 
1984)  or  is  preserved  in  the  center  of  a concentrically  zoned 
convection  cell  (see,  for  example.  Tatsumoto.  1978} 

The  Honolulu,  Hana,  and  Lahaina  Volcanics  all  have 
206Pb/204pbar  |8.2,  87Sr/ft6Sr-0.7l03l  , and 

M3Nd/l44Nd=at0.3l3l5.  In  the  Nd-Sr  correlation  diagram  (fig. 
26.4)  it  is  evident  that  these  PE  volcanic  rocks  are  most  depleted 
and  are  isotopically  closest  to  MORB  among  Hawaiian  rocks. 


Because  basanite  may  originate,  in  the  presence  of  garnet,  at  greater 
depth  than  tholeiite  (PreanaU  and  others,  1979;  Jackson  and 
Wight,  1970}  the  PE  component  may  represent  the  depleted 
upper  mantle. 

The  Kilauea  component  has  moderately  radiogenic  Pb,  but 
MORB-like  isotopic  compositions  of  Sr,  Nd,  and  Hf  (Stifle  and 
others,  in  press}  The  Pb  isotopic  compositions  in  volcanics  from  the 
Kea  trend  are  generally  more  radiogenic  than  those  from  the  Loa 
trend  (Tatsumoto.  1978}  The  isotopic  difference  was  thought  to 
reflect  contamination  of  the  ~80-Ma  lithosphere  (MORB)  under 
Hawaii,  and  Kilauea  was  thought  to  represent  a lithosphere  compo- 
nent. The  half-life  of  238U  (4.47  X I09  yr)  is  short  compared  to 
those  of  B7Rb  (4.9  X lO10  yr)  and  ,47Sm  (1.06  X 10"  yr}  and  so 
an  increase  in  the  ^Pb/^Pb  ratio  may  be  detected  in  ~ 100-Ma 
lithosphere  (a  ^Pb/^Pb  increase  is  not  detectable  because  of  the 
small  amount  of  233U}  Recent  detailed  studies  of  Nd,  Sr,  and  Hf 
isotopes  support  this  view  (Stifle  and  others,  in  press}  However, 
Staudigel  and  others  ( 1 984)  assigned  the  Kilauea  component  to  the 
plume,  and  the  differences  between  Loa  and  Kea  isotope  trends 
were  considered  to  have  been  generated  by  mixing  of  plume  material 
with  the  sublithospheric  Koolau  component.  While  such  a model 
may  be  formally  allowed,  we  maintain  that  the  isotopic  differences 
observed  between  the  presently  active  Kilauea  and  Mauna  Loa 
would  be  extremely  difficult  to  produce  if  mixing  occurs  below  the 
lithosphere.  Furthermore,  the  isotopic  characteristics  of  the  Kilauea 
component  are  not  those  considered  typical  for  mantle  plumes  but 
are  actually  quite  MORB-like.  Thus  we  maintain  our  earlier 
conclusions  that  the  Kilauea  component  represents  MORB-related 
old  oceanic  lithosphere  and  that  the  isotopic  differences  among 
volcanoes  of  the  Loa  and  Kea  trends  are  best  explained  if  mixing 
occurs  within  the  lithosphere. 

COMPARISON  OF  HAWAIAN  DATA  WITH  THOSE  OF  OTHER 
OCEANIC  BASALT 

In  this  section  we  compare  isotopic  data  of  Hawaiian  basah 
with  those  of  other  oceanic  basah  and  discuss  the  genesis  of  oceanic 
basalt. 

The  Nd-Sr,  Pb-Pb,  Pb-Sr,  and  Pb-Nd  isotopic  correlation 
diagrams  for  selected  OIB  and  MORB  from  the  literature  are 
shown  in  figures  26.8-26. 1 1 and  an  explanatory  combined  diagram 
in  figure  26. 1 2.  The  diagrams  contain  data  for  Walvis  Ridge  basalt 
that  are  not  corrected  for  in-place  growth  of  radiogenic  isotope 
during  the  70-80  m.y.  of  their  existence  (Richardson  and  others, 
1982}  However,  the  isotopic  compositions  are  very  similar  to  those 
of  Koolau  Basalt,  and  in-place  growth  of  radiogenic  isotope  should 
not  change  the  overall  picture. 

Recently,  several  researchers  (for  example,  Allegre,  1982; 
Hart,  1984)  have  argued  that  the  isotopic  characteristics  of  oceanic 
basalt  could  be  correlated  geographically.  Allegre  (1982)  contends 
that  systematic  variations  occur  within  each  ocean  basin  and  are 
probably  related  to  convection  units  in  the  mantle.  Hart  (1984) 
emphasizes  that  isotopic  differences  can  be  observed  between  the 
northern  and  southern  hemispheres.  However,  for  the  sake  of 
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206Pb/»>«Pb 


FIGURE  26. 12.— Explanatory  diagram  for  oceansc-baiall  isotope  data.  Combined  diagram  (onsets  of  plots  of  ^Pb/^Pb  versus  J07Pl».,i04Pb,  ^Pti^Pb  versus 
B7Sf,|*6Sr.  and  fl7Sr'WftSr  versus  ulN«i,l+4Ncl.  Triangles,  hypothetical  parent  material?  in  possible  three -component  mixing  of  ,Y(  depleted  MORBX  Pr(enncbed  source 
represented  by  AustraJ-St  Helena i and  R (recycled  crust).  Data  for  islands  on  or  near  ridges  fall  on  N-P  line  ( depleted -enr solved  MORB)  or  its  extension  In 
aKmsative  multicomponent  msxsng  model,  plume  (stars  labeled  C)  ascending  from  lower  mantle  mixes  with  heterogeneous  upper  mantle  and  oceanic  crust.  Fields  represent 
Mid  Atlantic  Ridge  (A  MORBX  Eat!  Pacific  Rise  (EPX  Indian  Ocean  Ridge  (1NDX  Hawanwn  Islands  (HU  WaJvss  Ridge  (WRX  Kerguelen  (KEX  Tnstan  da 
Cuntia  CFDCX  Society  Islands  (SOCX  French  Polynesia  islands  other  than  Society  and  Austral  (FPX  Azores  (AZX  and  Austral  (AUSX  For  Kales  on  plots  and 
sources  of  data,  see  figures  26.8*26. 10 


simplicity,  we  will  proceed  with  our  discussion  on  the  basts  of 
oceanic  basalt  in  general,  and  later  we  will  demonstrate  that  the 
systematic  geographic  variations  that  occur  are  probably  caused  by 
upper  mantle  heterogeneity. 

It  is  widely  accepted  from  isotope  data  of  oceanic  basalt  that 
their  sources  are  chemically  heterogeneous  and  that  such  hetero- 
geniety  has  ousted  for  a long  time  (>l  b.y.).  The  variety  of  trace- 
element  and  isotope  signatures  in  oceanic  basalt  has  often  been 
explained  by  a layered -mantle  model  involving  mixing  of  partial 
melts  from  a depleted  upper  mantle  and  an  undepleted  lower  mantle 
(see  for  example,  Schilling,  1973;  Sun  and  Hansen,  1975;  Allegre 
and  others.  I963X  When  Nd  isotopic  data  became  available  (for 
example,  DePaolo  and  Wasserburg,  I976X  the  layered-mantlr 
hypothesis  appeared  to  be  substantiated.  Mass  balance,  computed 


with  Sm-Nd  and  Rb-Sr  data,  indicated  that  only  30-  50  percent  erf 
the  whole  mantle  could  be  involved  in  continental  crust  formation 
(Jacobsen  and  Wasserburg,  1979:  O’Nions  and  others,  1979; 
Allegre  and  others,  1980;  DePaolo,  I980X  In  these  computations, 
the  boundary  between  depicted  and  enriched  mantle  was  set  at  a 
depth  of  700  km.  which  coincides  with  the  seismic  discontinuity. 

The  mantle  array  observed  for  MORB  and  OIB  in  the  Nd- 
Sr  correlation  diagram  was  often  interpreted  as  a mixing  line 
between  the  depleted  mantle  and  the  mantle  plumes.  However,  as 
more  data  for  oceanic  basalt  were  accumulated,  more  exceptions  that 
did  not  plot  on  a linear  mantle  array  were  found  (fig.  26. 8X  In  the 
Nd-Sr  diagram,  one  can  easily  see  that  data  trends  for  oceanic 
basalt  do  not  form  a linear  mantle  array.  McCulloch  and  others 
(1983)  and  Anderson  (1986)  argued  that,  if  some  extreme  isotopic 
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values  are  assigned  to  depleted  and  enriched  reservoirs,  a two- 
component  mixing  model  may  be  sufficient  to  explain  all  basalt  data. 
However,  as  discussed  above  for  Hawaiian  data,  the  Pb  data 
plotted  in  figure  26.9  cannot  be  explained  by  a two-component 
mixing  model  because  the  denominator  is  the  same  and  two- 
component  mixing  must  therefore  define  a straight  line.  The  negative 
correlations  of  Hawaiian  and  Walvis  Ridge  data  in  the  Pb-Sr  plot 
(fig.  26. 10)  are  also  difficult  to  explain  by  a two-component  mixing 
model. 

The  diversity  of  isotope  data  for  oceanic  basalt  may  be 
adequately  explained  by  a three-component  model.  The  depleted 
MORB  component  (N-type)  has  the  least  radiogenic  Pb  and  Sr 
and  the  most  radiogenic  Nd  and  occupies  one  corner  in  the  Pb-Sr  - 
Nd  correlation  diagrams  (figs.  26.8-26. MX  N-MORB  and 
trace-element-rich  P-MORB  form  a single  trend  that  corresponds 
to  a 1.8-Ga  isochron  on  the  Pb-Pb  diagram.  Data  for  oceanic 
islands  on  or  near  ridges,  such  as  the  Iceland- Reykjanes  Ridge, 
Galapagos  Islands,  Easter  Island  , and  the  Azores,  also  be  on  this 
line  (defined  as  N-P  in  figure  26. 12X  This  line  has  been  inter- 
preted as  a mixing  line  between  a depleted  component  and  mantle 
plumes  instead  of  a differentiation  trend,  and  the  Pb  isotopic 
composition  of  the  plume  as  defined  from  Pb-Sr- Nd  relations  is 

206Pb/2a4Pb  = 20.6,  207PW2C>4Pb=  15.75,  208 Pb/^Pb -40.8 

(Talsumoto  and  others.  I984X  A similar  composition  was  defined 
by  Dupr£  and  AJIegre  (1980)  as  the  “Planetary  Lead  Atlantic" 
value,  although  they  did  not  specify  that  this  could  represent  the 
plume  component.  Very  radiogenic  Pb  from  St.  Helena  and 
Ascension  (Sun.  I960)  appears  to  lie  on  an  extension  of  the  N-P 
trends  in  the  Pb-Pb  diagram  (fig.  26. 9X  whereas  radiogenic  Pb 
from  the  Australs  plots  on  a slightly  shallower  trend  (Tatsumoto  and  < 
others,  1984;  Vidal  and  others,  1984X  In  the  Pb-Sr  diagram, 
however,  data  from  St.  Helena,  the  Australs,  and  Ascension  form  a 
trend  that  is  distinctly  shallower  than  the  N-P  trend.  We  define  the 
component  that  shows  extremely  radiogenic  Pb  (but  less  radiogenic 
Sr  and  Nd)  as  Pr  in  figure  26. 12. 

Enrichment  of  incompatible  elements  or  metasomatism  in  some 
part  of  the  depleted  mantle  may  have  occurred  by  mixing  or 
contamination  with  carbonatite-like  fluid  (high  m C02,  and  U/Pb 
and  Sr/Rb  ratios  and  slightly  enriched  in  bght  REEX  which 
originated  somewhere  else  in  the  depleted  mantle  within  the  last 
~l  .8  b.y.  Thus,  when  time  passed,  this  contaminated  mantle  (Pr) 
source  has  extremely  radiogenic  Pb,  moderately  radiogenic  Nd,  but 
less  radiogenic  Sr.  Consequently,  the  Pr  component  plots  on  a 
distinctly  lower  position  from  the  mantle  array  (Tatsumoto  and 
others,  1984;  White,  I985X  The  Austral  Pb  may  represent  a more 
recently  contaminated  mantle  source  because  it  plots  below  the  N-P 
line  in  the  diagram  206Pb/2(*Pb  versus  207Pb/2<MPb. 

As  can  be  seen  in  figure  26.12,  all  oceanic  data  can  be 
explained  by  a three- component  mixing  model  with  jY,  Pr,  and 
another  component  (R)  that  has  high  ft7Sr/8<>Sr  (>0.706X  moder- 
ate ^Pb/^Pb  (H8.2X  and  very  low  ,43Nd/,44Nd  (<0.5I23) 

ratios.  Such  a component  is  most  likely  recycled  crust.  If  so,  then  the 
Koolau  and  Walvis  Ridge  data  that  plot  above  the  N-P  line  on  the 
Pb-Sr  diagram  might  indicate  involvement  of  a small  amount  of 
recycled  oceanic  crust,  and  data  for  Kerguelen  and  Society  Islands 


indicate  involvement  of  large  amounts  of  this  crust  component. 

According  to  this  interpretation,  Koolau  may  contain  the 
largest  proportion  of  the  recycled  crust  among  Hawaiian  volcanoes 
because  its  Sr  is  the  most  radiogenic.  Therefore,  if  the  subchicted 
oceanic  crust  penetrates  down  to  the  mantle-core  boundary,  as 
proposed  by  Hofmann  and  White  (I982X  then  Koolau  could 
represent  a recycled  crustal  plume  at  Hawaii.  If  this  hypothesis  is 
correct,  all  OIB  that  plot  above  the  N-P  line  in  the  Pb-Sr  diagram 
contain  a component  of  recycled  oceanic  crust  (R)  whose  isotope 
ratios  vary  regionally.  Those  OIB  that  plot  on  the  N— P or  N-Pt 
trends  contain  little  or  no  R component. 

On  the  Nd-Sr  correlation  diagram  (fig.  26.8X  the  so-called 
mantle  array  (N-P  line)  extends  to  Kerguelen.  Society  Islands  data 
plot  above  the  extension  of  the  N-P  line,  but  Koolau  and  Walvis 
Ridge  plot  below  the  line.  This  positioning  is  not  consistent  with  that 
observed  above  on  the  Pb-Sr  diagram. 

Dupre  and  All&gre  983)  and  Hamel  in  and  AJJigrc  (1985) 
found  that  the  depleted  end  member  of  Indian  MORB,  which  they 
considered  to  represent  the  as theno sphere,  is  characterized  by 
particularly  nonradiogenic  206Pb/2C>4F>b.  but  higher  207Pb/204Pb, 
206Pb/204Pb,  and  87Sr/86Sr  and  lower  l43Nd/,44Nd  ratios  com- 
pared to  Atlantic  and  Pacific  MORB.  This  means  that  the 
asthenosphere  is  heterogeneous  but  there  is  still  a regional  similarity 
that  may  be  related  to  each  convection  unit.  Thus,  m the  same 
manner,  the  higher  207Pb/204Pb,  208Pb/2(MPb,  and  87Sr/86Sr  and 
low  l43Nd/,44Nd  ratios  of  Koolau  and  Walvis  Ridge  basah  may  be 
interpreted  as  due  to  regional  upper  mantle  Heterogeneities  instead  of 
a contribution  from  the  recycled  oceanic  crust. 

In  any  case,  Koolau  basalt  is  unique  with  respect  to  its 
relatively  primitive  isotopic  composition  (Stille  and  others,  in  press) 
Hawaiian  basalt  contains  the  highest  3He/4He  ratios  thus  far 
reported  for  oceanic  basalt  (Lupton  and  Craig,  1975;  Kaneoka  and 
Takaoka,  1978;  Kurz  and  others,  1982;  AUigre  and  others,  1983; 

| Risen  and  Craig,  I983X  If  our  argument  is  correct,  Koolau  would 
have  had  the  highest  *He/4He  value  among  Hawaiian  basah  (Stille 
and  others,  in  pressX  Conversely,  the  Hawaiian  basah  with  a high 
*Hc/4He  and  relatively  primitive  F*b,  Nd,  and  Sr  isotopic  composi- 
tion would  not  support  the  assumption  of  radiogenic  plume  lead 
proposed  by  Tatsumoto  and  others  (I984X 

White  (1985)  argued  that  at  least  five  trends  can  be  observed 
in  F*b-Sr-Nd  isotopic  systematic*:  MORB,  St.  Helena,  Ker- 
guelen, Society  Islands,  Hawaii  (see  figs.  26.10  and  26. 12X 
Extrapolations  of  the  latter  four  trends  all  intersect  the  central  part 
(C)  of  the  N-P  trend,  but  they  do  not  trend  toward  P or  Pr.  The 
intersection  corresponds  to  206Pb/2O4Pb  — 18.5-19.5, 

wS«r- 0.7030-0. 7035,  and  ,43Nd/,44Nd-0.5!29- 

0.5130.  It  is  conceivable  that  this  point  represents  the  plume 
component  instead  of  P in  figure  26,12.  According  to  this  inter- 
pretation. more  than  five  trends  are  easily  observable,  because  each 
hot  spot  creates  its  own  trend  by  mixing  C with  upper  mantle  of 
variable  isotopic  composition. 

In  this  context,  the  Galapagos  and  Azores  trends  should  be 
separated  from  the  N -C  trend  if  the  radiogenic  components  do  not 
lie  on  the  N-C  trend  but  on  the  extension.  Walvis  Ridge  and 
Rapa- Macdonald  may  be  separated  from  Hawaii  and  Society 
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Islands  trends,  respectively,  because  the  Walvis  Ridge  and  Hawaii 
may  not  plot  on  the  same  trends  in  the  Pb-Sr  and  Pb-Nd  diagrams 
and  Rapa  Macdonald  data  plot  apart  from  Society  Islands  data  on 
the  Nd-Sr  diagram.  This  means  that  as  more  data  become  avail- 
able, more  trends  will  show  up  as  regional  variations.  The  fact  that 
C cannot  be  defined  as  a unique  point  but  has  a small  range  in 
isotopic  compositions  may  indicate  that  small  regional  variations  also 
exist  for  the  lower  mantle  values. 

It  should  be  noted  that  AustraJ-St.  Helena  data  do  not  appear 
to  converge  to  C on  the  Nd-Sr  plot.  Their  Pb  is  extremely 
radiogenic  and  indicates  extremely  enriched  sources,  while  their 
slightly  radiogenic  Sr  indicates  a moderately  depleted  source.  We 
retain  our  earlier  interpretation  that  these  data  reflect  an  old  ! 
metasomalized  component  enriched  in  U and  Sr  from  carbonatite- 
like  fluids  derived  from  a previously  depicted  (MORB)  source 
(Tatsumoto  and  others,  1964)  Thus  the  Austral-St.  Heiena- 
Asccnsion  trend  is  predominantly  an  upper  mantle  trend. 

We  previously  suggested  that  Kilauea  contains  the  most 
MORB  component  derived  from  the  oceanic  crust  because  of  the 
depleted  nature  of  its  Sr  and  Nd  isotopes.  Alternatively.  Kilauea 
might  be  considered  to  contain  the  most  plume  component  since 
Kilauea  occupies  the  position  closest  to  C (Staudigel  and  others, 
1964)  However,  as  previously  mentioned,  this  interpretation  does  I 
not  adequately  account  for  the  observed  isotopic  differences  among 
simultaneously  active  volcanoes:  Kilauea  and  Mauna  Loa. 

The  important  role  of  subduction  of  oceanic  crust  and  sedi- 
ments for  isotope  evolution  of  the  crust-mantle  system  was  first 
suggested  by  Armstrong  ( 1 968)  and  influences  of  subducted  mate- 
rial on  Pb  isotopes  were  detected  for  volcanic*  from  the  Japanese 
Islands  (Tatsumoto,  1969)  and  the  Aleutian  Island  arc  (Kay  and 
others,  1978)  but  not  detected  for  those  from  the  Mariana  arc 
(Maijcr,  1976)  Extremely  low  **U/*"Pb  ratios  (as  low  as  2. 1 ) in 
Japanese  arc  volcanics  (Tatsumoto,  I960;  Tatsumoto  and  Knight, 
1969)  indicate  that  volatile  Pb  is  preferentially  octr acted  from  the 
subducted  material  by  arc  volcanism,  whereas  23<*U/204Pb  ratios  of 
the  Mariana  arc  volcanics  are  about  7.  Thus,  plumes  generated 
from  the  recycled  crust  are  likely  to  have  variations  in  isotope  ratios 
depending  on  their  storage  times  and  environments;  this  implies  the 
existence  of  a heterogeneous  lower  mantle  (see  for  example.  Davies, 

1984)  providing  that  the  subducted  crust  penetrates  into  the  lower 
mantle. 

Several  seismic  studies  have  presented  evidence  that  subducting 
slabs  penetrate  into  the  lower  mantle  (Jordan,  1977;  Creager  and 
Jordan,  1984)  Although  some  workers  suggest  that  the  penetration 
is  only  a few  hundred  kilometers  below  the  seismic  boundary  at  a 
depth  of  670  km  (see  for  example,  Christensen  and  Yuen,  1984) 
others  consider  that  the  subducted  slabs  reach  the  core-mantle 
boundary  (Hofmann  and  White.  1982;  Davies,  1984;  Loper, 

1985)  Loper  (1985)  suggested  that  numerous  narrow  axisymmetnc 
plumes  rise  up  into  the  upper  mantle.  Thus,  it  may  be  possible  that 
numerous  plumes  with  various  isotope  signatures  rise  from  the  lower 
mantle.  However,  with  the  presently  available  isotopic  evidence,  we 
prefer  a convective  layered  mantle  model  with  a chemically  hetero- 
geneous upper  mantle  and  a nearly  homogeneous  (less  differentiated) 


lower  mantle  because  (I)  the  upper  mantle  is  strongly  differentiated 
by  magma  extraction  and  (2)  no  high  ®7Sr/86Sr  signature  of 
subducted  material  is  found  for  volcanics  from  Hawaii  where  the 
volcanism  is  most  likely  related  to  a mantle  plume  as  evidenced  by 
high  3He/*He  ratios.  Contamination  of  magmas  as  they  rise  through 
the  oceanic  lithosphere  makes  the  isotopic  signatures  more  compli- 
cated. 

CONCLUSIONS 

Pb,  Sr,  and  Nd  isotope  data  of  Hawaiian  basalt  provide 
strong  evidence  for  the  involvement  of  three  distinct  sources  in  the 
production  of  these  rocks.  The  volcanoes  or  groups  of  rocks  that 
most  closely  approach  the  three  end  members  are  Koolau  (represent- 
ing the  mantle  plume)  Kilauea  (the  oceanic  crust)  and  the  Hono- 
lulu-Hana-Lahaina  posterosionai  volcanic  rocks  (the  depicted 
mantle)  Pb,  Sr,  and  Nd  relationships  are  not  compatible  with  a 
two-component  mixing  model  for  Hawaiian  basalt  genesis. 

Pb,  Sr,  and  Nd  isotope  characteristics  of  oceanic  basalt  from 
other  areas  are  also  compatible  with  a three-component  mixing 
model.  The  three  mam  sources  are  the  depleted  upper  mantle, 
enriched  lower  or  upper  mantle,  and  recycled  oceanic  crust. 
However,  the  oceanic  basalt  data  form  several  trends  that  intersect  in 
the  middle  of  the  three-component  held.  These  trends  may  indicate 
multicomponent  mixing  between  a heterogeneous  upper  mantle  and  a 
nearly  homogeneous  lower  mantle,  phis  contamination  by  the 
lithosphere. 
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CONSTRAINTS  ON  THE  CHARACTERISTICS  OF  MAGMA  SOURCES  FOR 
HAWAIIAN  VOLCANOES  BASED  ON  NOBLE-GAS  SYSTEMATICS 

By  Ichiro  Kaneoka1 


ABSTRACT 

The  implication*  of  noble-gas-isotope  signature*  of 
Hawaiian  volcanic  rock*  and  ultramafic  nodule*  for  the  charac- 
teristic* of  Hawaiian  volcanism  are  discussed.  Hawaiian  vol- 
canic rock*  have  higher  3He/4He  ratios  and  lower  40Ar/3*Ar 
ratios  than  MORB,  strongly  indicating  that  they  derived  from  a 
source  enriched  in  volatile  and  primordial  components.  That 
source  is  probably  located  in  the  deeper  part  of  the  Earths 
interior  (lower  mantle?).  These  observations  are  compatible 
with  the  hot-spot  hypothesis. 

The  variations  in  the  observed  3He/4He  and  ^Ar/^Ar 
ratios  for  Hawaiian  volcanic  rocks  and  nodule*  can  be  explained 
in  terms  of  varying  degrees  of  mixing  among  noble-gas  compo- 
nents of  three  types:  P{ plume),  Af(MORB),  and  A( atmosphere). 
Mixing  of  P and  M components  occurs  during  ascent  of  a diapir 
through  the  asthenosphere  and  lithosphere,  followed  by  intro- 
duction of  the  A component  during  eruption. 

Systematic  variations  in  the  3He.,4He  ratios  with  the  volume 
of  individual  volcanoes,  together  with  other  radiogenic-isotope 
signatures,  indicate  a possible  model  for  the  evolution  of 
Hawaiian  volcanism  based  on  the  rise  of  volatile-enriched 
diapirs  from  the  Earth's  deep  interior.  However,  the  amount  of 
noble-gas  (volatile)  components  would  vary  at  each  stage  of  a 
volcanos  evolution.  The  model  suggests  that  the  partially 
melted  zone  plays  an  important  role  during  the  evolution  of 
Hawaiian  volcanism.  It  is  further  pointed  out  that  the  volu- 
minous outpourings  of  Hawaiian  volcanoes  do  not  always 
reflect  the  direct  material  supply  from  the  hot-spot  source  but 
may  reflect  the  combined  effects  of  material  transfer  and  heat 
supply. 

INTRODUCTION 

Because  the  Hawaiian  Islands  have  formed  far  from  any 
lithospheric  plate  boundary,  they  provide  a good  opportunity  to 
study  the  characteristics  of  intraplate  volcanism,  especially  of  hot- 
spot areas  as  identified  by  Wilson  (l%3)  and  Morgan  (1971). 

Noble  gases  are  chemically  inert  and  include  both  radiogenic 
and  stable  isotopes.  Furthermore,  their  isotopic  ratios  are  rather 
insensitive  to  the  physical  and  chemical  processes  occurring  during 
magmatic  fractionation.  I lence,  the  isotopic  ratios  of  noble  gases  can 
give  us  unique  information  concerning  the  characteristics  of  source 
materials.  In  this  paper,  1 summarize  the  noble-gas  data  so  far 
obtained  for  Hawaiian  samples  and  discuss  the  characteristics  of 
source  materials  for  Hawaiian  rocks  based  on  those  noble-gas  data. 


Dalrymple  and  Moore  ( 1 968)  identified  that  recent  submarine 
pillow  basalts  erupted  on  the  east  rift  zone  of  Kilauea  showed  access 
40 Ar.  Similar  results  were  obtained  for  the  same  kind  of  samples  by 
Noble  and  Naughton  (1968)  It  has  been  realized  that  magmatic  Ar 
is  trapped  in  glassy  rims  because  of  rapid  cooling  under  a high 
hydrostatic  pressure  of  sea  water,  which  hinders  the  degassing. 
Compared  to  the  atmospheric  values  of  295.5,  the  ^Ar/^Ar  ratio 
in  these  samples  is  as  high  as  about  1 ,200.  However,  these  ratios  are 
not  so  high  as  those  observed  in  some  glassy  pillow  samples  of 
midocean  ridge  basalt  (MORB)  which  reach  as  high  as  about 
10,000  (Funkhouser  and  others,  1968) 

Funkhouser  and  Naughton  (1968)  examined  radiogenic  He 
and  Ar  in  uhramaiic  inclusions  from  Hualalai  Volcano,  Hawaii, 
and  Salt  Lake  Crater,  Oahu,  and  concluded  that  they  include 
magmatic  radiogenic  components  in  fluid  and  gaseous  inclusions  in 
the  minerals  of  the  nodules.  This  confirmed  the  previous  results  by 
Lovering  and  Richards  (1964)  who  suggested  the  presence  of 
access  40 Ar  in  clinopyroxene  from  a pyroxenite  nodule  erupted  at 
Salt  Lake  Crater  that  showed  an  apparently  very  old  K- Ar  age  of 
1.4  Ga.  The  radiogenic  components  in  these  ultramafic  nodules 
were  further  investigated  by  Gramlich  and  Naughton  (1972)  who 
inferred,  on  the  basis  of  diffusion  experiments  of  He  and  Ar,  that  the 
4 He/ 40 Ar  ratio  in  the  environment  where  the  minerals  of  Ihcrzolite 
nodules  were  concentrated  at  Sah  Lake  Crater  had  a value  of 
1.2  ±0.2.  These  investigations  demonstrate  the  occurrence  of  radi- 
ogenic noble  gases  such  as  4He  and  40 Ar  of  magmatic  origin  in 
pillow  glass  and  ultramafic  nodules.  At  that  time,  these  data  were 
interpreted  to  show  the  characteristics  of  noble-gas  isotopes  in  the 
Earths  interior  in  a general  sense,  and  it  was  premature  to  discuss 
the  characteristics  of  noble-gas  isotopes  that  might  be  unique  for 
Hawaiian  samples. 

The  value  of  noble-gas  isotope  studies  on  Hawaiian  samples 
was  illustrated  by  Hennecke  and  Manuel  (1975)  when  they  found 
access  '^Xe  in  uhramaiic  nodules.  Furthermore,  Craig  and  Lupton 
(1976)  found  a higher  3He/4He  ratio  in  Kilauea  fumaroles  than  in 
those  of  MORB.  which  is  known  to  be  relatively  uniform  on  a 
global  scale.  Such  data  are  significant  because  they  might  charac- 
terize the  uniqueness  of  Hawaiian  magma  sources.  The  occurrence 
of  high  3HeV4He  ratios  and  access  1 ^Xe  in  Hawaiian  samples  was 
confirmed  in  both  lava  flows  and  uhramaiic  nodules  (Kaneoka  and 
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Takaoka,  1978;  Kaneoka  and  other*,  1 97S)l  On  the  basis  of 
systematic  differences  in  3He/4He  and  4<,Ar/36Ar  ratios,  Kaneoka 
and  Takaoka  (1980)  discussed  the  difference  of  magmatic  sources 
between  lava  flows  and  ultramafic  nodules.  Further  data  on  these 
samples  were  accumulated,  discussed,  and  compared  with  similar 
data  from  other  areas  (Kyser  and  Rison,  1982).  Detailed  studies  on 
samples  from  Loihi  Volcano  have  revealed  that  high  3He/4He  ratios 
for  Hawaiian  magma  sources  are  real  but  rather  variable  even 
between  different  eruptions  of  the  same  volcano  (Kaneoka  and 
others,  1983;  Kurz  and  others,  1983;  Rison  and  Craig,  I983)i 
However,  no  excess  ,29Xe  has  been  found  in  samples  of  Loihi  pillow 
glass  (AJIegre  and  others,  1983;  Kaneoka  and  others,  1983). 
Furthermore,  large  variation  in  the  3He/4He  ratio  is  found  even  for 
different  volcanoes  on  the  same  island  (Kurz  and  others,  1983). 
These  data  could  indicate  more  complexity  in  magmatic  sources  for 
Hawaiian  magmalism,  which  however  still  remain  distinct  from  those 
of  MORB. 
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ABUNDANCES  AND  TRAPPING  SITES  OF  NOBLE 
GASES  IN  HAWAIIAN  ROCK  SAMPLES 

Noble-gas  abundances  in  a sample  reflect  both  the  charac- 
teristics of  the  source  and  the  samples  subsequent  history  (see,  for 
example,  Dymond  and  Hogan,  1978;  Kaneoka  and  Takaoka, 
1985).  If  we  can  evaluate  the  latter  contribution  properly,  it  is 
possible  to  get  some  information  on  the  characteristics  of  the  sample 
source,  though  it  is  generally  not  easy  to  do  so.  Noble  gases  m 
selected  samples  of  different  kinds  from  the  Kilauea  region  are 
compared  in  table  27. 1 . Since  these  samples  can  be  regarded  as 
almost  recent,  it  is  not  necessary  to  consider  the  effect  of  radiogenic 
components  formed  after  extrusion  on  the  surface.  Hence,  these 
samples  should  show  similar  isotopic  ratios  and  characteristic  abun- 
dances of  noble  gases  reflecting  the  processes  involved  in  their 
magmatic  history.  Judging  from  the  ^Ar/^Ar  ratio  and  relative 
noble-gas  abundance  patterns,  Kapoho  lava  seems  to  have  lost  most 
magmatic  gas  and  to  have  been  equilibrated  with  atmospheric  noble 
gases.  I"he  observed  amount  of  40 Ar  in  this  sample  (2.0  X 10 ~ 7 
cmVg  at  standard  temperature  and  pressure)  is  just  the  value 
opected  in  a molten  magma  in  equilibrium  with  the  Earths 


atmosphere  as  inferred  from  the  solubility  data  of  Ar  in  meh  of 
tholeiitic  basalt  (Hayatsu  and  Waboso,  1982).  However,  there  still 
remain  small  amounts  of  magmatic  noble  gases  in  this  sample,  which 
is  shown  by  the  relative  enrichment  of  4He  and  ,37Xe  compared 
with  Ar  (see  the  data  for  lava  in  figure  27. 1J 

On  the  other  hand,  olivine  phenocrysts  (diameter  >1  mm)  in 
this  sample  contain  lesser  amounts  of  noble  gases  (accept  for  4 He) 
than  lava,  but  they  show  definitely  higher  3 He/4 He  and  ^Ar/^Ar 
ratios  than  the  atmosphere.  These  phenocrysts  are  considered  to 
have  been  formed  in  the  magma  reservoir  at  depth  without 
atmospheric  contaminations.  Hence,  these  values  can  be  considered 
to  approximate  the  values  for  the  magmatic  noble  gases,  or  at  least 
for  their  isotopic  ratios. 

It  has  been  known  that  the  chilled  margins  of  submarine  basalt 
pillows  contain  magmatic  noble  gases  (see,  for  example,  Dalrymple 
and  Moore,  1968;  Funkhouscr  and  others,  1968;  Noble  and 
Naughton,  1968).  However,  the  efficiency  of  trapping  of  noble  gases 
is  dependent  on  both  the  cooling  rate  and  the  ambient  hydrostatic 
pressure.  As  shown  in  table  27. 1 , tholeiite  from  the  east  rift  zone 
reflects  such  tendencies  (Kyser  and  Rison,  1 982J  The  sample  from 
the  derived  depth  erf  2,960  m clearly  shows  the  evidence  of  magmatic 
noble  gases,  but  that  from  the  depth  of  30  m does  not.  though  the 
latter  seems  to  retain  a small  amount  of  4He. 

In  a subaerial  sample  (glassy  s patter X the  observed  amounts  of 
noble  gases  are  quite  large,  but  the  ^Ar/^Ar  ratio  is  atmospheric 
and  the  noble-gas  abundance  pattern  is  similar  to  that  of  the 
atmosphere  (fig.  27. 1 J Hence,  it  is  not  likely  that  these  gases  truly 
represent  those  in  the  original  magma.  Many  microscopic  gas  pores 
are  observed  in  this  sample;  atmospheric  noble  gases  were  probably 
trapped  in  such  pores  when  it  erupted. 

The  high  3He/4He  ratio  reported  in  Kilauea  gas  samples 
(Craig  and  Lupton,  1976)  is  similar,  within  their  analytical  uncer- 
tainties, to  those  observed  in  phenocrysts  and  pillow  glass  from  this 
region.  However,  we  have  no  guarantee  that  the  observed  values  for 
fumarolic  gases  approximate  those  of  the  magmatic  gases  for  heavier 
noble  gases,  since  they  are  much  more  easily  contaminated  from  the 
atmosphere  (see,  for  example.  Ozima  and  Podosek,  1983;  Kaneoka 
and  Takaoka,  1 985). 

Thus  it  is  essential  in  noble-gas  analyses  to  select  appropriate 
samples  to  infer  the  conditions  of  magmatic  noble  gases.  For  this 
purpose,  pillow  glass  and  large  oil  vine  and  pyroxene  phenocrysts 
have  been  regarded  as  suitable.  Ultramafic  nodules  also  contain 
magmatic  noble  gases,  since  they  are  formed  at  depth  without 
atmospheric  contaminations.  For  3He/4He  analyses,  fumarolic  gas 
and  even  water  samples  can  be  used,  because  the  effect  of 
atmospheric  contamination  is  generally  quite  small  for  He  compared 
with  the  abundance  of  magmatic  He  in  these  samples. 

Noble-gas  abundances  in  different  kinds  erf  samples  from  the 
Hawaiian  region  are  compared  in  figure  27.1.  To  occlude  the 
ambiguity  from  the  addition  of  secondary  atmospheric  components, 
low-temperature  (500-700  °C)  and  high-temperature 
(1,700-1,800  °C)  fractions  were  taken  for  most  samples,  and  the 
values  for  the  higher  temperature  fraction  are  shown  in  figure  27.1. 
These  samples  include  some  from  Loihi  Seamount  and  from 
Hawaii.  Maui,  and  Oahu  Islands.  Except  for  some  quite  different 
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TABLE  27. 1 — Companion  of  noble  gates  in  different  lpnds  of  samples  from  Ktlauea  Volcano 
[Vifcts  for  fit  (dmmi  wr  al  MMdird  teapcratw*  and  pmwrrr;  abaoaphrnr  v«ion  rairubfed  (ran  total  mourn*  o>  Otnuufbtrr  dr»wird  by  nan  of  4k  Earth.  H‘HA  O'**  b>  t^He,4He)  _ ..'I  lHc.,4Hrt  : — . not 

4—mII 


Noble-gas  content Ratios 


Sample 

* 10' 

4 He  20He 

ii,  _ 

™Ar 

(dVn  X 

»*Kr 

10-1°) 

I32xe 

3H«/Sle 

(x  10-*) 

R/*A 

Reference 

Kapoho  lava  

.063 

.0111 

.0674 

.256 

.0796 

<226 

<161 

297.011.6 

1 

* 

Olivine  phenocrysts 

In  Kapoho  lava . 

4.43 

.0100 

.0245 

.0476 

.0058 

25.113.4 

17.912.4 

732.012.2 

2 

Glassy  splatter  on  Kllauea 

caldera  floor,  erupted 

Noveefcer29,  1975  

2.46 

4.25 

9.76 

26.9 

.682 

294.011.4 

3 

Pillow  glass 

Tholellte  of  east  rift  zone. 

depth=30  m 

1.9 

.0103 

.039 

.084 

.0058 

0114 

ono 

296122 

4 

Tholellte  of  east  rift  zone, 

depth=2,960  a 

32.6 

.129 

.213 

.473 

.0245 

1712 

1211 

1175122 

4 

Atmosphere  

.347 

1.09 

2.06 

4.31 

.152 

1.399 

1 

295.5 

1.  Kaneoka  and  Takaoka  (unpublished  data). 

2.  Kaneoka  and  Takaoka  (1978). 

3.  Kaneoka  and  others  (1978). 

4.  Kyser  and  Rlson  (1982). 

5.  Craig  and  Lupton  (1976). 


samples  (lava  and  glassy  spatter  in  table  27. 1 X the  samples  show 
generally  similar  noble-gas  abundance  patterns,  in  which  high 
enrichment  of  He  is  significant.  Among  different  kinds  of  samples, 
lighter  noble  gases  (He,  Ne)  are  generally  more  enriched  in 
uhramahe  nodules  and  glassy  samples  than  in  phenocrysts.  Nodule 
samples  include  dunile,  lherzolitc,  and  pyroxemte;  however,  their 
noble-gas  abundance  patterns  are  similar. 

Noble  gases  are  generally  more  abundant  in  dunite  nodules 
than  in  olivine  phenocrysts.  Numerous  microscopic  gas  or  liquid 
inclusions  (probably  C02)  are  observed  in  such  uJtramafic  nodules, 
and  most  noble  gases  are  expected  to  have  been  entrapped  in  such 
inclusions.  This  inference  has  been  supported  by  crushing  or  decrep- 
itation of  samples  (see,  for  example,  Funkhouser  and  Naughton, 
I968X  which  showed  that  rather  large  amounts  of  He  and  radi- 
ogenic 40 Ar  were  released.  Furthermore,  it  has  been  demonstrated 
that  roost  He  is  included  in  vesicles  and  not  dissolved  in  the  glass 
itself  in  pillow-glass  samples  from  Loihi  Seamount  (Kurz  and 
others,  1983;  Rison  and  Craig,  I983X  Hence,  the  noble-gas  ; 
abundances  in  these  samples  would  correspond  to  those  in  inclusions 
or  vesicles. 

Phenocrysts  seem  to  contain  fewer  inclusions  than  nodules  and 
glassy  samples,  and  this  probably  affects  the  noble-gas  abundances. 
Oh  vine  phenocrysts  from  Hawaii  contain  amounts  of  noble  gases 
comparable  to  those  in  samples  from  Reunion  Island,  whereas 
samples  from  Iceland  contain  lesser  amounts  of  the  lighter  noble 
gases  than  those  from  Hawaii  and  Reunion  (Kaneoka  ami  Takaoka, 


I985X  This  difference  may  reflect  different  tectonic  environments  for 
extrusion  of  magma;  the  samples  from  Hawaii  may  be  closer  to  the 
original  abundances  of  noble  gases  in  the  magma  reservoir  than  those 
from  Iceland. 

Noble-gas  abundances  in  MORB  are  also  shown  in  figure 
27.1  for  comparison  (plotted  to  the  right  of  the  Hawaii  dataX 
MORB  samples  are  typically  enriched  in  lighter  noble  gases, 
especially  He.  There  is  no  reason  to  believe  that  U(  + Th)  is  more 
abundant  in  the  MORB  source  than  in  that  of  Hawaii,  and  such 
enrichment  probably  reflects  secondary  processes  that  occurred 
during  the  formation  and  transportation  of  MORB  magma  to  the 
surface. 

NOBLE-GAS  ISOTOPIC  CHARACTERISTICS  OF 
HAWAIIAN  SAMPLES 

HELIUM  ISOTOPES 

As  noted  in  the  previous  section,  the  concentrations  of  noble 
gases  in  a sample  are  susceptible  to  secondary  processes  and  it  is 
therefore  useful  to  evaluate  such  processes.  To  infer  the  charac- 
teristics of  magma  sources,  however,  isotopic  ratios  are  more  useful 
than  elemental  concentrations,  since  they  are  much  less  affected  by 
the  processes  of  formation,  transportation,  and  extrusion  of  a 
magma,  except  for  the  effects  of  mass  fractionation  and  mixing 
among  different  sources.  Among  the  many  aspects  of  noble-gas 
isotope  systematics,  the  *He/4He  ratio  ( = R)  has  been  most 
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Fk.UHI  27. 1. — Noble  abundances  m Hawaiian  rock  samples.  Value*  plotted 
air  total  amount*  of  noble  gases  in  tbr  samples  adjusted  to  standard  temperature 
and  pressure.  Value*  for  atmosphere  dense*)  from  total  amount*  ol  noble  gun  in 
the  atmosphere  divided  hy  maw  of  the  Karth.  Data  sourer*  for  Hawaiian  samples: 
Hmiin.hr  and  Manuel  (1975),  Kaneoka  and  lakaoka  <1978.  1980);  Kanroka 
and  others  < 1983)  Data  MUKCt  for  MORB:  Kyset  and  Rmm  < 1982).  Allegre 
and  otheT*  (1 98));  Oznria  and  Zasliu  (I98H 


successfully  used  so  far  because  He  is  least  contaminated  by  the 
atmosphere. 

It  has  been  revealed  that  MORB  shows  a rather  uniform 
3He/4He  ratio  that  varies  from  l.l  XIO  "*  to  1.4x10  ' 
(R  — 8-  10/?*,  where  RA  is  the  ratio  of  3Hc/4He  for  air)  irrespec- 
tive of  regional  differences  and  elemental  fractionation,  whereas 
other  samples  show  more  variability  and  some  systematic  differences. 
For  example,  crustal  gases  generally  show  a lower  3He/4He  ratio 
than  that  of  atmospheric  He  (/?*=l.4x  10  Examples  are 
shown  in  figure  27.2.  where  the  *He/4He  ratio  is  plotted  against  the 
4He/20Ne  ratio  for  each  sample.  Hie  }He/4He  ratio  for  MORB  is 
rather  uniform.  tlw>ugli  the  4He,2°Ne  ratio  varies  by  a factor  of 
more  than  104.  Such  uniformity  in  the  *He  4He  ratio  for  MORB 
surely  reflects  a characteristic  of  the  magma  source. 


Hawaiian  samples  show  rather  different  characteristics  frwn 
those  of  MORB  in  figure  27.2.  Although  most  uhramafic  nodulo 
show  similar  3He/4He  ratios  to  that  of  MORB,  which  has  ar 
4He/20Ne  ratio  of  0.5  X l03-5x  I03,  phenocryst  samples  haw 
higher  3He/4He  ratios.  This  indicates  that  Hawaiian  magma 
sources  are  isotopicalty  different  from  that  of  MORB. 

Detailed  studies  of  the  3He/4He  ratio  have  revealed  that  tt 
varies  among  different  volcanoes  on  each  Hawaiian  island  and  om 
within  the  individual  volcanoes  (Kaneoka  and  Takaolta,  I960. 
Kurz  and  others,  1983;  Rison  and  Craig,  1983),  The  geographical 
variation  of  the  3He/4He  ratio  for  Hawaiian  samples  is  summarurd 
in  figure  27.3. 

Such  variations  in  the  3He/4He  ratio  surdy  reflects  the  condi- 
tions in  the  magma  sources  for  these  volcanoes.  Furthermore,  the 
variation  in  the  3He/4He  ratio  seems  to  be  related  to  the  rock  type 
and  the  sequence  of  volcano  formation.  For  example,  thole ute  from 
Loihi  Seamount  shows  higher  3He/4He  ratios  than  alkali  basalt 
(Kurz  and  others,  1983;  Rison  and  Craig,  I983X  Kurz  and  others 
(1983)  further  reported  that  the  3He/4He  ratio  for  basah  on  the 
Island  of  Hawaii  seems  to  decrease  with  either  increase  in  the  volume 
of  a volcano  or  decrease  in  the  eruption  age.  Such  observations  are 
significant  for  interpreting  Hawaiian  vokaiusm  and  will  be  discussed 
later  in  more  detail. 

ARGON  ISOTOPES 

It  has  been  known  that  uhramafic  nodules  from  Hawaii,  such 
as  those  from  Hualalai  and  the  Salt  Lake  Crater  region,  contain 
large  amounts  of  access  40 Ar,  resulting  in  high  ^Ar/^Ar  ratios  cf 
more  than  a few  thousand  (see,  for  example,  Funkhouser  and 
Naughton,  I968)L  Since  these  uhramafic  nodules  are  mantle  derived 
(they  are  mostly  cumulates  with  minor  amounts  of  mantle  materials i 
such  values  have  sometimes  been  considered  to  represent  the 
^Ar/^Ar  value  in  the  mantle.  Although  submarine  glassy  pillow 
from  the  east  rift  zone  of  Kilaoea  show  ^Ar/^Ar  ratios  as  high  *» 
about  1,200  (see,  for  example.  Dalrymple  and  Moore,  196# 
Kyser  and  Rison,  1982),  these  ^Ar/^Ar  ratios  are  still  much 
lower  than  those  observed  in  MORB.  Furthermore.  Kaneoka  and 
lakaoka  ( 1 980)  have  demonstrated  that  higher  3He/4He  ratios  that 
exceed  the  MORB  value  seem  to  be  associated  with  kme 
^Ar/^Ar  ratios.  Hence,  there  is  a possibility  that  such  rdativeh 
low  ^Ar/^Ar  ratios  represent  the  characteristics  of  the  sourer 
materials  for  hot-spot  areas. 

I he  most  serious  problem  in  the  measurement  of  tbr 
40 Ar/ 36 A r ratio  is  that  the  value  is  easily  modified  by  the  addition  ct 
atmospheric  components,  since  the  atmosphere  (and  sea  water' 
contains  fairly  large  amount  of  Ar.  For  this  reason,  it  is  often  argued 
that  the  observed  low  ^Ar.'^Ar  ratios  that  are  closer  to  thr 
atmospheric  value  were  caused  by  atmospheric  contamination  iwr 
for  example,  Fisher,  1983);  Such  effects  should  be  properly  evalu 
ated  to  infer  the  significance  of  the  Ar  isotopic  ratios.  One  solution  a 
to  make  comparison  with  other  isotopic  ratios  that  are  not  acrioush 
affected  by  the  atmospheric  contamination.  Another  solution  a to 
check  the  observed  data  in  a plot  of  ^Ar/^Ar  against  I 4t>Ar.  ip 
which  samples  contaminated  with  atmospheric  component  shouki  I* 
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FIGURE  27.2.  — Plot  of  Mde^He  ratio  against  4He/i0Ne  ratio  for  Hawaiian  samples  and  MORB  Vertical  line*  show  uncertainty  in  the  *Hc/*H*  ratio  mransml.  In  spite 
of  large  variation  m 4He,'wNe  ratio  for  MORB.  it*  *He^He  ratio  u rather  uniform  (a*  shown  by  bnxbtlltng  dashed  luictX  but  *He/4He  ratio*  for  Hawaiun  sample* 
are  generally  higher  than  those  of  MORB.  Data  source*:  Lupton  and  Craig  (1975);  Craig  and  Lupton  ( 1976);  Kaneoka  and  TaJtaoka  (1978.  I960);  Kyscr  and  Rtson 
(1962);  Kaneoka  and  others  (1983);  Ozuna  and  Zashu  (1983) 
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Figure  27.3.  — Distribution  of  JHe/4lt  ratio  for  rock  and  gat  sample*  from  the 
Hawaiian  Islands.  Each  number  corresponds  to  the  value  or  range  of  value*  of  Ki 
R&,  where  R u the  *He/4Hr  rabo  in  the  samplefs)  and  R.\  mdKdle*  the 
atmospheric  value  (l.4x  10  *)  Dashed  line*  mark  the  two  lines  of  volcanic 
centers  (dots)  Data  source*:  Craig  and  Ijipton  (1976);  Kaneoka  and  Takaoka 
(1978,  1980).  Kyter  and  Risen  (1982);  Kaneoka  and  other*  (1963);  Kurr  and 
cabers  (1963);  Lupton  (1963);  Risoo  and  Craig  (1963) 


on  a line  thal  connects  the  atmospheric  ^Ar/^Ar  ratios  (295.5)  on 
the  ordmalc  and  the  point  for  uncontaminated  sample,  as  long  as  the 
samples  contain  the  same  amount  of  ^Ar  (see,  for  example, 
Dymond  and  Hogan,  I978X  The  data  for  Hawaiian  samples  are 
plotted  on  such  a diagram  in  figure  27.4;  in  this  diagram,  the  data 
scatter  and  do  not  define  any  single  line.  However,  it  is  worthwhile  to 
point  out  that  most  ultramahe  nodules  show  systematically  higher 
40Ar/,t>Ar  ratios  of  more  than  1 ,000,  whereas  glass  samples  and 
phenocrysts  show  mostly  values  of  less  than  1 ,000,  irrespective  of 
the  amount  of  ^Ar.  These  submarine  glass  samples  are  not  different 
in  their  eruptive  conditions  from  MORB,  Hence  there  is  no  reason 
why  they  should  be  much  more  contaminated  with  atmospheric 
components  through  sea  water  than  MORB.  In  effect,  these  glass 
samples  retain  magmatic  He.  Hence,  even  if  the  relatively  low 
40Ar/36Ar  ratios  observed  are  affected  by  the  atmospheric  con- 
tamination for  some  samples,  it  does  not  preclude  the  possibility  of  a 
low  ^Ar/^Ar  ratio  for  magmatic  Ar  in  Hawaii.  Hus  point  will  be 
discussed  again  later  in  discussing  the  JHe/4He  * ^Ar/^Ar 
diagram. 
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FIGURE  27.4. — Plot  of  ^ArP^Ai  ratio  against  l/**Ar  for  Hawaiian  rock 
Maples.  Value  of  ^Atf^Ar  m air  indicated  by  dashed  line.  The  lino  in  the 
figure  indicate  reference  bite*  which  correspond  to  the  mixing  bnr  between  the 
original  magmatic  Ar  and  the  atmospheric  Ar,  where  the  concentration  of 
magmatic  40 Ar  m each  wmple  is  assumed  as  the  numerical  figures  on  each  Imr  m 
the  unit  of  cufcsc  cenlancters  at  standard  temperature  and  pressure  for  one  gram 
sample.  Data  sources:  Dabymplr  and  Moore  (1966);  Font  homer  and  Naughton  J* 
(1966);  Noble  and  Naugjiton  (1966);  Hetmecke  and  Manud  (1975);  Kaneoka  "-j 
and  Takaoka  (1976.  I960);  Kyser  and  Raon  (1982);  Allegre  and  ethers  (1963);  ? 

Ruber  (1983);  Kaneoka  and  others  (1963) 


OTHER  NOBLE  GAS  ISOTOPES 

In  Kilauta  gas  and  in  MORB,  a higher  20Ne/22Ne  ratio 
(10.3)  than  the  atmospheric  value  (9.80)  was  reported  by  Craig 
and  Lupton  (I976X  who  considered  it  as  evidence  that  the  primor- 
dial Ne  component  of  solar  type  may  be  still  retained  in  the  Earths 
deep  interior.  However,  this  value  and  the  corresponding  ' 
2,N*/22Me  ratio  can  also  be  explained  by  mass  fractionation  from  j 
the  atmospheric  value  (Kaneoka,  1980),  and  the  occurrence  of 
primordial  Ne  component  has  not  yet  been  confirmed. 

On  the  other  hand,  the  occurrence  of  higher  ,29Xe/l30Xe 
ratios  than  the  atmospheric  value  has  been  confirmed  in  ultramafic 
nodules  from  Hualalai  (Hennecke  and  Manuel.  1973;  Kaneoka 


and  others,  1978;  Kyser  and  Rison,  1982)  Even  olivine  phe- 
nocrysts  of  Kapoho  lava.  KiJauca,  seem  to  contain  excess  ,29Xe 
(Kaneoka  and  Takaoka,  1978).  However  no  access  ,29Xe  has  been 
confirmed  in  Loihi  samples  (Allegre  and  others.  1983;  Kaneoka 
and  others,  1983)  Since  access  ,29Xe  has  been  regarded  as  the 
decay  product  of  extinct  ,29I  (half-life,  17  m.y.X  its  occurrence 
indicates  that  the  magma  source  was  not  totally  equilibrated  with  the 
surrounding  part  for  more  than  4 b.y.  Allegre  and  others  (1983) 
reported  the  occurrence  of  excess  ,29Xe  in  MORB. 

The  ,29Xc/l30Xe  ratio  is  plotted  in  figure  27.5  against  the 
40 Ar/ 36 Ar  ratio  for  Hawaiian  samples  and  some  MORB  samples 
Although  the  uncertainty  in  the  ,29Xe/IW)Xe  ratio  is  fairly  large, 
the  array  of  samples  seems  to  indicate  on  a mixing  line  of  r ^ 0. 5 . 
where  r is  defined  as  the  ratio  of  1 ^Xe/^Ar  for  air  divided  by 
1 wXe/ *7\r  for  the  MORB  source  and  the  value  of  1JOXe/  3feAr 
for  air  is  1 . 1 3 X 10  4.  For  ,5®Xe/**Ar  of  the  MORB  source,  if 
we  adopt  the  value  observed  for  a pillow  glass  that  showed  the 
highest  excess  l29Xe  in  MORB  (Allegre  and  others.  I983X  it 
becomes  1 1 .6  X 10  _ 4.  Hence,  mixing  between  this  component  and 
the  atmosphere  indicates  a value  of  r close  to  about  0. 1 . The  data 
array  observed  in  figure  27.5  do  not  seem  to  be  ocplained  by  the 
addition  of  an  atmospheric  component  alone.  This  may  imply  that 
the  Hawaiian  magma  source,  which  may  be  a typical  hot-spot  area, 
shows  an  atmospheric  ,29Xe/,,0Xe  ratio  and  a rather  low 
^Ar/^Ar  ratio  close  to  the  atmospheric  value,  Large  analytical 


Figure  27.3.  — Plot  of  ,wXe/,,0Xc  raho  against  ^Ar/^Ar  ratio  for  Hawaiian 
rock  samples  and  a frw  MORB  samples.  Mixing  hncs  between  the  atmospheric 
component  (A:  «°Ar/*Ar  “295.5;  '*Xe/' = 6.48)  and  an  assumed 
MORB  source  component  (\1:  ^Ar/^Ar  - 25,000;  '^Xe/'^Xe  ■ 7.25)  are 
drawn  with  a function  of  r,  where  r ii  ( 1 wXe/^Ar)*ir/(l>0Xe/16Ai')MOflH 
source.  Vertical  and  horizontal  lines  indicate  uncertainty.  Data  sources;  Hentieckr 
and  Manuel  (1975);  Kaneoka  and  Takaoka  (1978,  I960):  Kyser  and  Rison 
(1962);  Allegre  and  others  (1963);  Kaneoka  and  others  (1983) 
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uncertainties  remain,  however,  concerning  the  ,29Xe/13°Xe  ratio  for 
most  samples  from  Hawaii.  Hence  more  precise  data  are  necessary 
to  draw  a definite  conclusion. 

THE  SHe^He-^Ar  ^Ar  SYSTEM 

A magma  source  would  be  more  dearly  characterized  by  an 
appropriate  combination  of  isotopic  ratios  than  by  a single  one.  For 
this  purpose,  the  3He/4He-40Ar/J6Ar  system  is  one  of  the  most 
effective  ones  among  possible  combinations  of  noble-gas  isotopic 
ratios.  The  merits  of  using  this  system  have  been  discussed  in  detail 
elsewhere  (Kaneoka  and  Takaoka,  1985). 

All  the  available  data  for  samples  from  Hawaiian  volcanoes 
are  plotted  on  the  3He/4He-40Ar/f36Ar  diagram  in  figure  27.6. 
Except  for  a dunite  nodule  from  Loihi  Seamount,  higher  3He/4He 
ratios  seem  to  be  accompanied  by  lower  40Ar/36Ar  ratios.  Further- 
more, ultramafic  nodules  are  located  in  the  region  defined  by 
MORB.  Such  relations  for  Hawaiian  samples  were  first  identified 
by  Kaneoka  and  Takaoka  (1980X  who  argued  for  different  magma 
sources  for  Hawaiian  magma  and  ultramafic  nodules.  As  pointed 
out  previously,  the  accumulation  of  data  on  the  3He/4He  ratio  in  lava 
phases  has  suggested  that  Hawaiian  volcanism  is  characterized  by 
some  complexity  of  processes  in  each  locality,  but  this  would  not 
change  the  main  scheme  fundamentally  from  that  stated  above.  This 
point  will  be  discussed  later  in  more  detail. 

However,  the  plot  in  figure  27.6  strongly  suggests  at  least  that 
a magma  source  enriched  in  prtmordial  noble-gas  components  exists 
under  the  Island  of  Hawaii.  If  we  extend  such  data  to  other  areas, 


«Ar,'“Ar 

FIGURE  27.6. — Plot  of  iHe/4Hr  ratio  against  ^Ar/^Ar  ra Ito  for  Hawaiian  rock 
samples.  For  most  samples,  only  the  resuks  from  h*gh  temperature  (Tactions  arc 
shown  here.  A,  atmosphere;  P.  plume-type  source;  M,  MORB  source;  dashed 
lines,  approximate  range  of  MORB  samples.  Vertical  and  horizontal  laves  mrbcalr 
analytical  uncertainties  lor  each  sample.  Dashed  circle  indicates  a combined  value 
for  samples  for  KiUura,  where  *He/4He  ratios  were  obtained  for  fumarohc  gases 
and  ^Ar/^Ar  ratios  for  pillow  glasses  from  east  nfl  zone.  Data  sources: 
Kaneoka  and  Takaoka  (1978,  I960);  Kyser  and  Rison  (1982);  Alkgre  and 
others  (1983);  Kaneoka  and  others  (1983) 


the  same  tendencies  as  observed  for  Hawaiian  samples  are  also 
identified  (fig.  27. 7).  The  most  remarkable  feature  of  figure  27.7  is 
that  higher  3He/4He  ratios  than  the  MORB  value  are  always 
associated  with  relatively  lower  ^Ar/^Ar  ratios,  accept  for  a few 
cases,  and  such  high  3He/4He  ratios  are  observed  in  typical  hot-spot 
areas.  This  does  not  mean  that  samples  from  all  hot-spot  areas  show 
such  a trend.  For  example,  volcanic  rocks  from  the  Tristan  da 
Cunha  and  Gough  Islands  show  lower  3He/4He  ratios  than  that  of 
MORB,  but  the  ratios  are  still  higher  than  that  of  the  atmospheric 
component  (Kurz  and  others,  1982).  Such  a trend  may  be  explained 
by  the  addition  of  a crustal  component  to  the  pure  plume-type 
component  that  has  a high  3He/4He  ratio  (see,  for  example,  Kurz 
and  others,  1982;  Kaneoka  and  Takaoka,  1985). 

On  the  basis  of  the  3He/4He-40Ar/36Ar  systematic s,  we  can 
identify  at  least  four  end  members  as  shown  in  figure  27.7: 
Pi plume-type),  M(MORB-type),  A(atmosphere-type),  and 
C(crust-type)  (Kaneoka,  1983;  Kaneoka  and  Takaoka,  1985)  C 
components  are  multi -divided  further  depending  on  the  local  and 
regional  inhomogeneities  including  time- integrated  effects.  Although 
P and  probably  M components  can  be  subdivided  on  a local  scale, 
we  need  not  do  so  to  discuss  general  trends  on  rather  global  scales. 
The  observed  noble-gas  data  can  be  explained  by  mixing  among 
these  components,  including  the  data  observed  at  subduction  zones, 
which  may  be  mixtures  of  M,  A,  and  C components. 


40Ar/"A» 


Figure  27.7,  — Plot  of  *Haf4Hr  ratio  against  ^Af/^Ar  ratio  for  samples  that 
represent  the  recent  state  of  the  Earths  interior.  P.  M,  A,  and  C represent 
assumed  typical  values  for  source  materials  of  plume,  MORB,  atmosphere  and 
crust  typo,  respectively.  Uncertainties  are  indicated  by  short  vertical  and  horizon- 
tal lines  Solid  lines  show  calculated  mixing  lines  between  sources.  Dashed  hoes 
indicate  regions  where  each  component  it  dorremant  (though  arc -type  source 
material  is  not  discussed  in  the  present  study)  (after  Kaneoka  and  Takaoka,  I98S) 
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In  this  context , it  is  interesting  to  examine  the  data  for  I 
Hawaiian  samples  in  figure  27.7.  Most  data  for  Hawaiian  samples 
are  located  in  a region  bordered  by  the  three  mixing  lines,  P-M, 
M-A,  and  P-A.  Since  A component  is  composed  of  atmospheric 
noble  gases  from  the  atmosphere,  sea  water,  and  ground  water,  those 
data  located  away  from  the  mixing  line  P-M  would  have  been 
secondarily  contaminated  on  the  surface  or  at  a relatively  shallow 
depth.  On  the  other  hand,  some  Hawaiian  samples  seem  to  lie  on  the 
P-M  mixing  line.  Since  the  fit  for  mixing  line  is  fairly  good,  the 
variation  in  the  observed  data  bas  been  interpreted  as  showing  the 
mixing  between  these  probably  mantle-derived  components  (Kan 
eoka  and  Takaoka,  I960,  1965;  Kyser  and  Rison,  1962;  Kan- 
eoka,  1963); 

Because  this  diagram  is  composed  of  two  kinds  of  noble-gas 
isotopic  ratios,  the  variation  in  it  can  be  explained  rather  simply  as 
long  as  He  and  Ar  behave  similarly  in  the  main  process  concerned. 
On  the  other  hand,  if  we  take  a set  of  dements  of  different  kind,  such 
as  He  and  Sr  (see,  for  example,  Kurz  and  others,  1982),  the  system 
is  more  easily  disturbed  because  of  the  different  transfer  of  dements 
caused  by  the  difference  in  the  chemical  behavior.  Hence,  the 
occurrence  of  completely  different  components  (P  and  M)  in  the 
3He/4He-4°Ar/,6Ar  systematic*  is  of  great  significance  in  inferring 
chemical  characteristics  of  the  Earths  interior.  The  component  P 
would  surely  represent  the  source  material  of  less  depleted  or  fertile 
mantle  that  lies  under  the  Af-type  (MORB)  source,  which  is 
considered  to  have  been  much  depleted  in  incompatible  dements 
(Kyser  and  Rison,  1982;  Kaneoka,  1983;  Kaneoka  and  Takaoka, 
1965).  Although  some  investigators  argue  for  the  occurrence  of 
fertile  mantle  as  a result  of  enrichment  process  in  the  asthenosphere 
(for  example,  Anderson,  1962)  this  seems  unlikely  on  the  basis  of 
noble-gas  sys tenuities  (Kaneoka,  1963) 

Thus,  noble-gas  isotopes  for  Hawaiian  samples  clearly  suggest 
that  the  Hawaiian  rocks  are  derived  from  fertile  mantle,  which  is 
richer  in  primitive  noble  gases  and  incompatible  elements  such  as  K 
and  U than  the  MORB  source.  Although  similar  inferences  have 
been  made  on  the  basis  of  Nd-Sr  systematic*  (see,  for  example, 
Jacobsen  and  Wasserburg,  1979;  DePaolo,  1981 ) the  identification 
of  the  typical  component  for  the  fertile  mantle  has  remained  hypo- 
thetical and  could  be  interpreted  in  a different  way  in  the 
,43Nd/l44Nd-a75r/®*5r  diagram.  In  the  »He/4He-40Ar/36Ar 

diagram,  however,  we  can  identify  it  clearly  as  the  P component. 
This  component  seems  to  be  found  in  samples  from  typical  hot-spot 
areas  such  as  Hawaii,  Iceland,  and  Reunion.  Thus,  noble-gas  data 
give  clear  evidence  for  the  inference  that  Hawaiian  volcanism  has 
been  caused  by  a mantle  plume  or  plumes  from  a hot  spot  that  lies  at 
a relatively  deeper  level  (lower  mantle ?)  in  the  Earth's  interior  (see 
Kaneoka,  1983,  for  further  discussion) 

NOBLE  GAS  ISOTOPES  AS  CONSTRAINTS  TO 
INFER  THE  GENETIC  RELATIONS  FOR  HAWAIIAN 
ROCKS 

In  attempts  to  reveal  the  orgin  of  Hawaiian  volcanic  rocks  by 
petrological,  mineralogica),  and  geochemical  studies,  it  has  often 
been  assumed  that  the  ultramafic  nodules  included  in  Hawaiian 


volcanic  rocks  represent  either  the  source  materials  of  these  volcanic 
rocks  or  cumulates  from  them  (for  example,  Jackson  and  Wright . 
1970)  On  the  basis  of  JHe/4He  and  ^Ar/^Ar  ratios,  however,  it 
has  been  shown  that  phenocrysts  in  Hawaiian  volcanic  rocks 
(tholeiite  and  alkalic  basalt)  and  ukramafic  nodules  would  have  been 
derived  from  different  sources  (Kaneoka  and  Takaoka,  1978. 
I960)  The  source  for  ultramafic  nodules  seems  to  be  similar  to  that 
for  MORB.  Such  results  have  been  supported  by  subsequent  work 
(Kyser  and  Rison,  1982)  It  has  been  known  that  87Sr/66Sr  ratio? 
for  ukramafic  nodules  (0.7031-0.7032)  (Shimizu,  1975)  are 
slightly  lower  than  those  of  Hawaiian  tholeiite  (0.7034—0.7038) 
(see,  for  example,  O'Nions  and  others,  1977)  However,  the 
difference  in  the  3He/4He  and  ^Ar/^Ar  ratios  is  so  large  between 
phenocrysts  and  ukramafic  nodules  (see  fig.  27.6)  that  we  cannot 
regard  them  as  derived  from  similar  sources.  Recent  summarized 
studies  on  the  origin  of  Hawaiian  tholeiite  have  also  suggested  that 
most  ukramafic  nodules  are  not  directly  related  to  the  origin  of 
Hawaiian  volcanic  rocks  (Wright,  1984) 

As  discussed  in  the  previous  section,  Hawaiian  ukramafic 
nodules  show  similar  3He/4He  and  ^Ar/^Ar  ratios  to  those  of 
MORB.  These  analyzed  nodules  were  mostly  samples  from 
Hualalai  Volcano  and  Salt  Lake  Crater,  and  their  rock  types 
include  durnte,  spinel  Iherzolite,  and  garnet  pyroxenite.  As  far  as 
noble-gas  data  are  concerned,  these  ultramafic  nodules  include  gas 
components  that  were  derived  from  the  same  source  or  a quite  similar 
source  to  that  of  MORB.  Hence,  these  nodules  might  have  been  the 
source  rock  or  cumulates  of  MORB,  or  they  might  represent  rocks 
formed  in  the  asthenosphere  to  constitute  the  lower  part  of  the 
lithosphere.  More  strictly,  if  the  accompanying  volcanic  rocks  also 
show  Af-type  noble-gas  isotopes,  we  cannot  preclude  the  possibility 
of  a genetic  relation  between  such  ultramafic  nodules  and  the 
volcanic-rock  source.  However,  dredged  tholeiite  samples  from 
Hualalai  show  definitely  higher  *He/4He  ratios  (14-18  RA)  than 
those  of  ultramafic  nodules  (8. 6-9. 2 RA)  (Kurz  and  others,  1983) 
Hence  they  have  no  direct  genetic  relation  between  them. 

For  the  samples  from  Salt  Lake  Crater,  we  unfortunately  have 
no  noble-gas  data  on  volcanic  rocks.  Since  volcanic  rocks  of  the 
Honolulu  Volcanic!  are  reported  to  have  rather  lower  fl7Sr.'®6Sr 
ratios  (about  0.7033)  than  those  of  the  Koolau  Basalt2  (about 
0.7039)  (Lanphere  and  Dalrymple,  1980)  there  is  a possibility 
that  volcanic  rocks  of  the  Honolulu  Volcanics  may  have  M- type 
noble-gas  isotopes.  If  this  is  so,  then  we  can  regard  those  ultramafic 
nodules  as  related  to  some  source  rocks  or  cumulates  that  also  were  a 
source  for  volcanic  rocks  of  the  Honolulu  Volcanics. 

In  a detailed  study  of  *He/4He  ratios  for  volcanic  rocks  from 
the  Island  of  Hawaii,  Kurz  and  others  (1983)  have  revealed  that 
each  volcano  shows  different  JHe/4He  ratios  and  that  the  ratio 
seems  to  decrease  with  increasing  volume  of  a volcano  and  with 
decreasing  age  of  the  volcano.  In  their  resuks,  it  is  noteworthy  that 
tholeiite  samples  from  Mauna  Loa  end  an  alkali  basalt  from  Mauna 
Kea  show  very  similar  *He/4He  ratios  (7. 9-8.6  RA)  to  that  of 
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MORB.  Rison  and  Craig  (1983)  also  report  a similar  value  (8.5 
Ra)  for  one  Maun  a Loa  sample  from  analyzing  olivine  phenocrysts. 
Unfortunately,  we  have  no  heavier  noble-gas  data  for  these  samples. 
However,  even  these  data  give  us  important  information  to  infer  the 
processes  that  are  occurring  underneath  the  Island  of  Hawaii. 

With  reference  to  He  isotopes,  the  He  sources  should  be 
similar  to  that  of  MORB.  Hence  in  the  present  frame  of  ideas  the 
He  source  should  be  either  in  the  asthenosphere  or  in  the  lithosphere 
itself,  since  P- type  noble  gases  are  assumed  to  be  derived  from  the 
deeper  part  of  the  Earths  interior. 

Samples  from  Loihi  give  us  a unique  chance  to  study  the 
relations  of  rock  types  and  nodule  gas  isotopes.  Because  Loihi 
Seamount  is  regarded  a9  the  most  recent  volcano  in  the  evolution  of 
the  Hawaiian- Emperor  Chain,  from  it  we  can  get  information  on  an 
earlier  state  of  a volcanos  evolution  along  the  chain.  Furthermore, 
the  dredged  rocks  from  the  seamount  show  diverse  basalt  types, 
including  tholeiitic,  transitional,  and  alkali  basalt  and  basanite, 
including  dunite  nodules  (Moore  and  others,  1982) 

The  He  isotopic  measurements  have  shown  very  high  3He/4He 
ratios  (up  to  32  RA ) and  tholeiite  samples  show  generally  higher 
3He/4He  ratios  than  those  of  alkali  rocks  (Kurz  and  others,  1983; 
Rison  and  Craig,  1 983)  Since  dunite  nodules  show  3He/4He  ratios 
similar  to  that  of  alkalic  lava  that  included  nodules,  Kurz  and  others 
(1983)  have  conjectured  that  the  apparent  lower  3He/4He  ratios  for 
alkalic  rocks  might  be  due  to  contamination  by  He  included  in 
xenocrysts  of  nodules.  On  the  other  hand.  Kaneoka  and  others 
(1983)  who  examined  all  noble  gases  in  both  tholeiitic  and  alkalic 
rocks,  found  that  the  40 Ar /36Ar  ratios  for  lava  are  not  so  high  as 
observed  in  MORB  and  are  still  located  in  the  region  defined  by  the 
three  kinds  of  mixing  lines  among  P,  A 7,  and  A components  in  the 
iHe/4He-40Ar/36Ar  diagram.  Only  a dunite  nodule  from  Loihi 
Seamount  seems  to  be  an  exception.  Although  this  nodule  shows  a 
high  ’HtPHt  ratio  (22  RA\  its  ^Ar/^Ar  ratio  is  also  high 
(4,200)  To  explain  this,  Kaneoka  and  others  (1983)  have  con- 
jectured that  only  He  was  equilibrated  with  the  surrounding  magma 
and  the  nodule  had  originally  Af-type  noble  gases. 

In  Loihi  samples,  fairly  large  variation  in  the  3He/4He  ratio 
has  been  observed.  This  may  be  a characteristic  of  the  initial  state  of 
a volcanos  evolution  caused  by  different  degrees  of  contamination 
with  lithospheric  and  (or)  asthenospheric  components  that  are  similar 
to  that  of  MORB. 

On  the  other  hand,  apparent  uniformity  in  the  observed  value 
of  noble  gases  may  simply  reflect  the  sampling  problem,  because  we 
have  data  only  on  lava  flows  of  relatively  limited  time  periods  of 
young  active  volcanoes  such  as  Mauna  Loa  and  Kilauea.  In  fact,  for 
Haleakala  Volcano,  we  have  observed  very  high  *He/4He  ratios  for 
olivine  and  augite  phenocrysts  of  ankaramite  (32-36  RA ) from  the 
vent  known  as  White  Hill  Cone  (Kaneoka  and  Takaoka,  1980; 
Rison  and  Craig,  1983)  which  probably  belongs  to  the  Pleistocene 
Kula  Volcanics  (hawaiite)  However,  both  pyroxene  phenocrysts 
from  the  A.D.  1790  ankaramite  flow  in  the  post  erosional  Hana 
Volcanics  and  olivine  phenocrysts  from  the  tholeiitic  shield  lava  of 
the  Honomanu  Basalt  show  Af-type  3Hc/4He  ratios  of  8. 1 RA  and 
8.0  Ra,  respectively  (Rison  and  Craig,  1983)  Except  for  the 
Hana  Volcanics,  such  tendency  is  at  variance  with  that  predicted 


from  some  trace-element  data  and  from  Sr  and  Nd  isotopic  ratios 
for  Haleakala  Volcano  (Chen  and  Frey,  1983)  This  means  that 
noble  gases  (and  probably  some  volatile  elements,  too)  may  not 
always  behave  similarly  with  other  nonvolatile  elements,  even  in  a 
mantle  plume. 

HAWAIIAN  VOLCANISM  AS  INFERRED  FROM 
NOBLE-GAS  DATA 

As  discussed  previously,  Hawaiian  volcanism  seems  to  be 
strongly  related  to  a mantle  plume  or  plumes  of  deep  origin.  Noble- 
gas  data  require  a source  material  that  still  retains  more  of  primitive 
components  than  does  that  of  MORB  (see,  for  example,  Kyser  and 
Rison,  1982;  Kaneoka,  1983)  If  Hawaiian  volcanism  was  initiated 
by  propagation  of  a tensional  fracture  through  the  lithosphere,  the 
magma  source  should  be  located  in  the  uppermost  part  of  the 
asthenosphere.  However,  it  seems  difficult  to  keep  such  a source  in  a 
relatively  shallow  part  of  the  Earth's  interior  for  a long  time,  because 
the  source  material  is  inferred  to  retain  primitive  components, 
including  He,  which  would  show  one  of  the  largest  mobilities  in  the 
Earths  interior  (Kaneoka,  1983) 

The  3He/4He  ratios  for  each  volcano  in  the  Hawaiian  Islands 
are  plotted  against  the  volume  of  each  volcano  in  figure  27.8.  If  we 
consider  only  the  Island  of  Hawaii,  volcanoes  with  small  volume 
show  high  3He/4He  ratios,  and  volcanoes  with  large  volume  show 
3He/4He  ratios  similar  to  that  of  MORB  (for  example,  Mauna  Kea 
and  Manua  Loa)  This  suggests  that  the  contribution  of  P-type 
I source  material  is  larger  in  the  early  stage  of  a volcanos  evolution 
; relative  to  that  of  Af-type  source  material.  Such  a relation  has  been 
shown  by  Kurz  and  others  (1983)  If  we  include  other  volcanoes 
from  different  islands,  however,  such  systematics  seem  to  be  dis- 
turbed, as  shown  in  figure  27.8.  Volcanic  rocks  from  Haleakala  on 
Maui  Island  and  those  from  Kauai  Island  indicate  relatively  high 
3He/4He  ratios  in  spite  of  the  large  volumes  of  their  volcanoes. 
From  Haleakala  Volcano,  volcanic  rocks  with  3He/4He  ratios 
similar  to  that  of  MORB  have  also  been  reported  (Rison  and 
Craig,  1983)  Ukramahc  nodules  from  Salt  Lake  Crater,  Oahu 
Island,  show  3He/4He  ratios  fairly  similar  to  that  of  MORB. 
Hence,  the  situation  may  be  not  so  simple  as  reported  initially  for 
samples  from  the  Island  of  Hawaii.  Relatively  high  3He/4He  ratios 
observed  for  samples  from  Haleakala  Volcano  indicate  that  the  P- 
type  component  of  noble  gases  could  have  been  added  even  at  a later 
stage  in  a volcanos  evolution. 

On  the  basis  of  the  systematic  changes  in  elemental  ratios  and 
®7Sr/86Sr  and  ,43Nd/l44Nd  ratios  with  eruption  age  for  volcanic 
rocks  of  Haleakala  Volcano.  Chen  and  Frey  (1983)  have  predicted 
a systematic  decrease  over  time  in  the  rate  of  contribution  of  plume- 
derived  material  to  the  formation  of  a magma.  Basically  their  model 
seems  to  explain  well  the  variations  of  elemental  and  isotopic  data  for 
Hawaiian  volcanism.  However,  the  data  in  figure  27.8  do  not 
always  follow  the  model.  As  suggested  by  Rison  and  Craig  (1983) 
the  Honomanu  Basalt  (shield -building  tholeiite)  of  Haleakala  Vol- 
cano shows  M- type  He  component,  whereas  P-type  He  component 
would  be  expected  in  the  model.  Although  higher  3He/4He  ratios 
seem  to  be  accompanied  by  higher  87SnrB6Sr  ratios  or  lower 
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Figure  27.8. — Pk*  of  5He/4H«  ritio  volcano  volume  for  Hawaiian  volcanoes.  Volcano  volume*  taken  from  Baryar  and  Jackton  (1974)  Typical  range  of 

,He/4He  value*  for  MORB  indicated  by  horuontal  dashed  line*.  Data  source*:  Craig  and  Lufrtoo  (1976);  Kaneoka  and  Takaoka  (1978,  I960);  Kywr  and  Riaon 
(1982);  Kurz  and  other*  (1982,  1983);  Kaneoka  and  other*  (1983);  Lupton  (1963).  Rnon  and  Crajf  (1983); 


,43Nd/,44Nd  ratios  for  Loihi  samples  (Kurz  and  others,  1983; 
Staudigel  and  others.  1984),  such  trends  are  not  always  retained 
when  the  data  from  other  volcanoes  are  included.  Furthermore, 
although  tholeiitic  shield  lava  from  the  Hawaiian  Islands  shows 
generally  slightly  higher  a7Sr/86Sr  and  lower  ,43Nd/,44Nd  ratios 
that  those  of  MORB  (see,  for  example,  Staudigel  and  others, 
I984X  the  3He/4Hc  ratio  is  quite  similar  to  the  MORB  value,  at 
least  for  Mauna  Kra  and  Mauna  Loa.  Thus,  noble-gas  isotopes 
seem  to  be  not  always  correlated  with  the  other  radiogenic  isotopes 
such  as  Sr,  Nd,  and  Pb.  Such  differences  probably  reflect  the 
different  geochemical  behavior  of  noble  gases  from  the  other  non- 
volatile elements.  This  implies  that  noble  gases  would  be  transported 
in  varying  degrees  together  with  other  volatile  components  during  the 
different  stages  of  evolution  of  Hawaiian  volcanoes.  Furthermore, 
the  3 He/4 He  ratios  for  Hawaiian  rocks  have  not  always  varied 
smoothly.  Such  noble  gases  may  have  been  transported  in  a mantle 
diapir  rather  than  in  a mantle  plume. 

So  far,  a number  of  models  for  Hawaiian  volcanism  have  been 
proposed  (see,  for  example,  Macdonald,  1968;  Chen  and  Frey, 


1983;  Sen,  1983;  Staudigel  and  others,  1984).  However,  those  do 
not  take  properly  into  account  the  noble-gas-isotope  signature.  As 
discussed  in  previous  sections,  the  most  significant  feature  of  this 
signature  is  the  occurrence  in  Hawaiian  lava  of  much  higher 
3He/4He  ratios  than  that  of  MORB,  which  strongly  suggests  the 
involvement  of  a source  material  that  contains  fairly  primordial 
components  and  is  located  in  the  deeper  part  of  the  Earths  interior 
(lower  mantle >X  We  cannot  deny  the  involvement  of  oceanic 
lithosphere  during  the  formation  of  a magma.  As  far  as  the  noble 
gases  (and  probably  volatile  components)  are  concerned,  however, 
the  contribution  from  the  oceanic  lithosphere  would  be  not  so 
significant  as  has  been  suggested  for  nonvolatile  elements  (Staudigel 
and  others,  1984).  If  the  age  of  the  oceanic  lithosphere  is  great 
enough  to  have  increased  the  87Sr/®6Sr  ratio,  the  3He/4He  ratio 
would  have  been  lowered  by  the  addition  of  radiogenic  4He, 
resulting  in  a lower  3He/4He  ratio  than  that  of  MORB.  When  the 
3He/U  ratio  can  be  postulated  to  be  similar  to  that  of  the  MORB 
source,  the  3He/4He  ratio  would  have  to  be  similar  also.  However, 
it  is  very  difficult  to  conjecture  that  the  3He/U  ratio  is  maintained 
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higher  than  that  of  the  MORB  source,  because  He  would  be  easily 
lost  during  formation  of  the  lithosphere  around  the  ridge,  resulting  in 
lowering  the  5He/U  ratio.  If  the  lower  part  of  the  oceanic 
lithosphere  is  formed  by  the  addition  of  the  components  of  the 
aslhenosphere,  its  isotopic  composition  would  be  similar  to  that  of 
MORB.  At  least  some  Hawaiian  ukramahc  nodules  might  have 
been  derived  from  such  lower  lithosphere. 

Volcanic  rocks  from  Loihi  Seamount  show  definitely  higher 
3He/4He  ratios  than  those  of  Kilauea  (fig.  27.8).  This  implies  that 
the  contribution  of  P- type  component  is  larger  for  Loihi  samples 
than  for  Kilauea  samples  as  indicated  by  the  He  data.  Large 
variations  in  the  observed  values  can  be  explained  by  varying 
degrees  of  addition  of  M- type  component  during  the  ascent  of  , 
volatile  enriched  mantle  diapirs.  It  is  true  that  magma  chemistry  as  ! 
determined  by  the  last  depth  of  equilibration  would  have  little 
bearing  on  the  initial  depth  of  origin  for  source  diapirs  (Staudigel 
and  others,  1984).  Even  the  voluminous  outpourings  are  not  always 
good  indicators  for  characterizing  the  source  material  of  a plume, 
because  we  cannot  exclude  the  possibility  of  interaction  during  the 
ascent  of  a mantle  diapir  with  M- type  source  materials.  The  ' 
3He/4He  ratio  may  be  used  more  efficiently  to  indicate  the  plume 
component  for  noble-gas  (volatiles)  components. 

From  the  noble-gas  data  together  with  those  of  other  radi-  | 
ogemc  isotopes,  we  can  summarize  a model  for  Hawaiian  vokanism 
as  shown  schematically  in  figure  27.9. 

The  initial  (infant)  stage  of  Hawaiian  vokanism  would  be 
exemplified  by  Loihi  Seamount  (fig.  27 .9  A\  When  the  relatively 
cold  lithosphere  approaches  the  hot  spot,  volcantsm  would  be  1 
mitiated  by  the  rise  of  volatile-enriched  mantk  diapirs  with  P- type 
noble  gases  derived  from  the  deeper  part  of  the  Earths  interior  i 


FIGURE  27  9,  — Schematic  model  lo  show  the  evolution  of  Hawaiian  volcanism. 
Red  color  shows  regions  of  intensive  partial  melting  A,  Infant  stage:  volramsm  is 
initialed  by  rue  of  dsajxHs)  from  hot-spot  source  m Earth's  deep  intenor  (lower 
mantle?}.  Diapir  will  be  enriched  m volatile  components.  Possible  example  of  thu 
stage  is  IxmIu  Seamount.  B,  Early  part  of  tholeutic  shield-building  stage:  dsaptrs 
still  me  through  aslhenosphere  and  lithosphere.  Partially  melted  rone  will  be 
increased  because  of  accumulation  of  heal  energy  through  diapirs  and  conduction, 
causing  downward  swelling  and  thinning  of  lithosphere  over  hot  spot.  Phone-type 
source  material  will  mix  with  surrounding  MORB-type  source  material  during  rtse 
of  diapinfi)  through  aslhenosphere  and  hthosphere  (example.  Kilauea  Volcano} 
C,  Later  part  of  tboleirtK  shield  building  stage:  contribution  from  chapirfs) 
probably  much  reduced.  Instead,  most  meh  may  be  derived  from  partially  melted 
zone  ui  uppermost  part  of  aslbrnotphere  Most  MORB-type  He  might  be 
supplied  from  this  portion  (example.  Mauris  Loa}  Although  no  example  is  shown 
here,  in  a volcano  at  the  poslcaldera  stage,  no  significant  contribution  from  diapirs 
can  be  expected.  Dnrantshing  heat  and  material  supplies  from  hot-spot  source  cause 
eruption  frequency  of  a volcano  to  decrease  Degrees  of  partial  meh  mg  also 
decrease,  resulting  in  production  of  alkak  basalt  (example,  KuU  Volcanic*. 
Ilaleak&la  Volcano}  D,  Post cros tonal  stage,  when  a volcano  migrate*  far  away 
from  hot-spot  area,  some  meh  would  still  remain  at  bottom  of  lithosphere.  Addition 
of  conductive  heat  from  initial  thermal  anomaly  and  release  of  latent  heal  from 
sobdihcatMO  of  meh  may  form  some  meh  pockets  under  the  volcano  and  produce 
alkahcand(or)nephefaiuticrock*.  Source  material  for  such  rocks  is  quite  similar  lo 
that  of  MORB  (ouunple.  Honolulu  Volcanic*.  Oahu  Island} 
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(lower  mantle?).  During  ascent  to  the  surface,  such  diapirs  will 
interact  with  surrounding  materials  at  various  depths  both  in  the 
asthenosphere  and  the  lithosphere.  Such  interaction  would  have 
caused  large  variation  in  both  isotopic  and  chemical  signatures  of 
magmas.  We  assume  the  existence  under  the  lithosphere  of  a 
partially  melted  zone  enriched  with  AY-type  noble  gases  that  is 
indicated  seismically  as  the  low-velocity  zone.  The  occurrence  of 
such  a zone  may  help  the  interaction  between  the  diapirs  and  the 
surrounding  materials. 

The  second  stage  is  that  of  tholeiitic  shield  building  (fig. 
27,9 B,  O During  this  stage,  melting  in  the  partially  melted  zone  of 
the  asthenosphere  would  be  increased  because  of  the  addition  of  heat 
from  the  ascending  diapirs  and  by  conduction.  This  may  cause 
swelling  of  the  partially  melted  zone  and  thinning  of  the  lithosphere 
over  the  hot-spot  area.  During  such  processes,  AY- type  noble  gases 
might  be  enriched  in  the  partially  mehed  zone  under  the  lithosphere. 
At  Kilauea  Volcano  (fig.  27.9 B\  the  contribution  from  mantle 
diapirs  will  still  be  significant,  but  the  mixing  rate  of  AY-type  noble 
gas  will  increase,  resulting  in  lower  3He/4He  and  ®7Sr/##5r  ratios 
and  higher  ,43Nd/,44Nd  ratios  compared  with  those  of  the  infant 
stage. 

On  the  other  hand,  for  Mauna  Kea  and  Mauna  Loa  Vol- 
canoes (fig.  27.9CX  the  role  of  diapirs  may  be  much  less  than  for 
Kilauea  Volcano.  As  shown  in  figure  27.8,  we  observe  no  dif- 
ference in  the  3He/4He  ratio  between  these  volcanoes  and  MORB. 
This  implies  that  even  when  voluminous  out-pourings  occur  from 
these  volcanoes,  it  does  not  always  mean  a contribution  from  mantle 
diapirs  as  far  as  He  isotopes  are  concerned.  On  the  other  hand, 
87Sr/®6Sr  and  ,43Nd/,44Nd  ratios  are  still  different  for  these 
volcanoes  from  those  of  MORB  (see,  for  example,  Staudige!  and 
others,  I984X  This  suggests  that  most  He  was  derived  from  the 
partially  melted  zone  in  the  uppermost  asthenosphere  and  that  the 
voluminous  outpourings  of  lava  were  also  caused  by  the  expansion  of 
the  partially  melted  zone  compared  with  the  infant  stage.  At  this 
stage,  the  hot  spot  may  act  mainly  as  a heat  source,  but  not  the  main 
source  for  adding  materials,  though  some  small  diapirs  will  still  rise. 
The  isotopic  ratios  for  Sr  and  Nd  may  be  explained  by  the 
interaction  of  melts  formed  in  the  asthenosphere  with  the  oceanic 
lithosphere.  The  occurrence  of  mantle  metasomatism  is  possible 
(Wight,  1984). 

Another  possibility  is  that  the  contribution  from  diapirs  still 
continues  but  the  diapirs  are  less  enriched  in  volatile  components 
than  those  of  the  infant  stage.  Hence,  even  if  isotopic  ratios  for 
nonvolatile  elements  arc  still  different  from  those  of  MORB,  the 
3He/4He  ratio  might  become  similar  to  that  of  MORB  because  of 
mixing  with  the  volatile  enriched  AY-type  source  in  the  partially 
melted  zone.  At  present,  wc  have  no  good  evidence  to  select  one  or 
the  other  possibility.  In  both  cases,  however,  most  He  would  have 
been  derived  from  the  partially  mehed  zone  in  the  uppermost 
asthenosphere,  and  the  occurrence  of  such  a zone  is  significant  for 
Hawaiian  volcamsm  at  this  stage. 

When  the  volcano  migrates  away  from  the  hot  spot , the  supply 
of  heal  and  matenals  will  be  diminished.  The  rate  of  melting  m the 
partially  melted  zone  also  decreases,  resulting  in  the  decrease  of 
eruption  frequency  of  a volcano.  Total  amounts  of  melt  produced 


would  also  decrease.  Since  the  degree  of  partial  melting  would  also 
decrease,  aikalic  basalt  would  be  dominant.  Isotopic  ratios  for  both 
nonvolatile  elements  and  noble  gases  may  approach  those  of 
MORB.  However,  relatively  primitive  ratios  may  still  be  observed 
in  some  cases,  since  the  addition  of  diapir  components  would 
dominate  the  isotopic  ratios  in  the  melt  because  of  the  mass  balance 
between  melts  from  diapirs  and  the  surrounding  materials.  The  very 
high  3He/4He  ratios  for  the  Kula  Volcanics  of  Haleakala  Volcano 
(Kaneoka  and  Takaoka,  1980;  Rison  and  Craig,  1983)  might  have 
originated  in  such  a way. 

The  final  stage  of  Hawaiian  volcamsm  is  identified  as  the 
posterosiona!  stage,  which  occurs  after  a period  of  volcanic  quies- 
cence. In  this  stage,  no  contribution  from  diapirs  is  expected  because 
the  volcano  has  migrated  far  away  from  the  hot  spot.  At  the  bottom 
of  the  oceanic  lithosphere,  some  melt  remains  after  producing  alkakc 
basalt.  The  addition  of  conductive  heal  from  the  initial  thermal 
anomaly  together  with  the  release  of  some  latent  heat  during 
solidification  of  melt  may  form  some  melt  pockets  under  a volcano 
that  produce  aikalic  and  or  nephdinitic  rocks.  In  this  case,  the 
source  materials  would  be  mostly  the  AY- type  material  in  the 
uppermost  asthenosphere.  Thus,  it  is  reasonable  to  conjecture  that 
such  volcanic  rocks  would  show  values  for  isotopic  ratios,  including 
3He/4He  ratios,  very  similar  to  those  of  MORB.  The  Honolulu 
Volcanics  on  Oahu  Island  and  the  Hana  Volcanics  at  Haleakala 
Volcano,  Maui  Island,  are  good  examples  of  such  late  volcamsm 
(fig.  27.9 DX 

This  model  is  rather  qualitative,  and  the  mayor  scheme  is  not 
seriously  different  from  those  which  have  been  proposed  before. 
Furthermore,  the  present  scheme  shows  only  a general  trend;  small 
variations  would  occur  on  a local  scale.  However,  it  is  worth  noting 
that  voluminous  outpourings  of  Hawaiian  volcanoes  do  not  always 
reflect  direct  matierai  supply  from  the  hot-spot  source  but  may  rather 
reflect  the  combined  effects  of  material  transfer  plus  heat  supply.  The 
occurrence  of  a partially  melted  zone  under  the  lithosphere  would 
play  an  important  role  in  controlling  the  activity  and  characteristics 
of  Hawaiian  volcanoes.  The  occurrence  of  such  a partially  melted 
zone  might  be  related  to  the  conductive  transfer  of  heat  from  the 
deeper  part  of  the  Earth  together  with  the  existence  of  the  overlying, 
less  conductive  lithosphere  acting  as  an  insulator. 

To  clarify  further  and  in  greater  detail  the  evolutionary  scheme 
for  Hawaiian  volcanistn,  more  systematic  isotopic  surveys,  both  of 
the  noble  gases  and  of  other  elements  are  required. 
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HAWAIIAN  ERUPTIVE  GASES 

By  L.  Paul  Greenland 


ABSTRACT 

Analysis  of  eruptive  gases  began  at  Kilauea  Volcano  in 
1912.  After  the  classic  gas  collections  of  1917-19,  there  was  a 
lapse  of  40  years  until  sampling  of  eruptive  gases  recommenced 
in  1960.  This  paper  summarizes  results  of  gas  analyses  from 
Kilauea  for  the  1912-19  and  1968  Halemaumau  eruptions,  two 
summit  eruptions  in  1982,  the  1960,  1965,  1977,  and  1983-84 
east-rift  eruptions,  and  a shallow  southwest-rift  intrusion  in 
1981.  Also  included  are  results  from  the  1919  and  1984  erup- 
tions of  Maun  a Loa.  These  data  show  the  following:  (1) 
Hawaiian  eruptive  gases  predominantly  have  one  of  two  com- 
positions, defined  by  an  atomic  carbon/sulfur  ratio  (C/S)  of 
-0.2  for  gases  exsolving  from  magma  that  has  had  even  brief 
storage  in  shallow  summit  reservoirs,  and  (much  less  com- 
monly) a C/S  ratio  of  -2  for  gases  associated  with  eruptions  of 
magma  directly  from  the  mantle.  (2)  The  nugor  causes  of 
compositional  variation  in  these  gases  is  the  introduction  of 
varied  amounts  of  assimilated  crustal  water  and  near-surface 
mixing  of  meteoric  water.  (3)  The  total  volatile  content  of 
Hawaiian  magma  stored  in  summit  reservoirs  is  approximately 
uniform  and  amounts  to  less  than  0.5  weight  percent. 

INTRODUCTION 

Studies  of  eruptive  gas  at  Kilauea  Volcano  began  in  1912  with 
collections  from  an  active  lava  lake  by  Day  and  Shepherd  (1913). 
Because  of  the  sampling  technique,  only  partial  analyses  of  these 
gases  could  be  obtained.  Improvements  in  sampling  and  analytical 
procedures  resulted  in  the  first  complete  volcanic  gas  analyses  in 
1917  (Shepherd , 1919)  and  the  culminating  studies  of  T.  A.  Jaggar  s 
classic  collections  of  1918-19  (Shepherd,  1921).  Between  1919 
and  I960,  sporadic  collections  of  volcanic  gas  associated  with 
eruptive  activity  at  Kilauea  were  obtained  from  vents  during  the 
I960  east-rift  eruption  (Heald  and  others.  I963X  from  an  actively 
filling  lava  lake  (Finlayson  ami  others,  I968X  and  from  the  1977 
east-rift  eruption  (Graeber  and  others.  1979X 

Systematic  gas  studies  were  reinstituted  at  the  Hawaiian 
Volcano  Observatory  with  the  installation  of  modem  gas-analysis 
facilities  in  1980.  Partial  analyses  were  obtained  of  gases  from  a 
near-surface  intrusion  in  1981  and  from  two  summit  eruptions  in 
1982;  both  partial  and  complete  analyses  have  been  obtained  from 
the  episodic  east-rift  eruption  of  1983-4  and  from  the  1984  eruption 
of  Mauna  Loa.  I he  present  paper  summarizes  previous  work  on 
eruptive  gases  and  describes  heretofore  unpublished  results  of  the 
1981-84  partial  analyses.  Complete  gas  analyses  of  the  1983-84 
east-rift  eruption  of  Kilauea  and  of  the  Mauna  Loa  eruption  are 
being  described  concurrently  (Greenland,  chapter  30)  and  will  not 
be  considered  here. 


'Io  improve  comparability,  all  analyses  cited  from  the  literature 
have  been  recalculated  to  an  air-free  basis.  Furthermore,  1 have 
followed  Matsuo  (1962)  in  apportioning  the  S2  reported  in  the 
1917-19  analyses  to  and  S02,  and,  where  reported,  S03  to 
S02;  for  the  1981-84  partial  analyses,  I have  assumed  ther- 
modynamic equilibrium  in  the  gases  in  order  to  estimate  apparent- 
equilibrium  H20  and  H^jS  contents.  The  effects  of  oxidation  and  of 
temperature  on  the  composition  of  volcanic  gas  samples  have  been 
avoided  by  considering  the  analyses  on  an  atomic  basis  (that  is,  all 
hydrogen-bearing  species  are  combined  to  yield  a value  for  total 
atomic  hydrogen,  and  so  onX  and  these  values  form  the  basis  for 
most  of  the  discussion. 
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RESULTS  AND  DISCUSSION 

GAS  COLLECTIONS  FROM  1912  TO  1919 

Analyses  of  gases  collected  from  a continuously  active  lava  lake 
in  Kilauea  s caldera  over  this  period  are  fiven  in  table  28. 1 , which 
also  includes  two  samples  from  the  1919  eruption  of  Mauna  Loa. 
The  equilibrium  compositions  of  the  1918-19  gas  collections  as 
estimated  by  Gerlach  (I960)  also  are  included  in  table  28.1  for 
reference. 

The  1912  gases  were  collected  by  a pumping  technique,  and 
thus  only  the  concentrations  of  gases  insoluble  in  the  acid  aqueous 
condensate  (C02,  H2,  and  CO)  could  be  determined;  these 
provide  too  little  information  for  interpretation,  though  it  is  notable 
that  temperatures  (1,150-1,250  °C)  inferred  from  the  C02/CO 
ratio  (from  equations  I and  5,  see  below)  are  reasonable  for  a 
protracted  summit  eruption. 

The  1917-19  analyses  have  been  discussed  extensively  (Shep- 
herd, 1938;  Jaggar,  1940;  Matsuo,  1962;  Nordlie,  1971 ; Gerlach, 
1980);  conclusions  have  ranged  from  Shepherds  (1921,  p.  87)**We 
are  not  here  dealing  with  a mixture  of  gas  which  is  definite  in 
composition  and  given  off  steadily  by  the  magma.  Each  bubble  has 
its  own  composition,  ***"  to  Gerlach  s (1980,  p.  303)  “***(after 
making  allowance  for  meteoric  water  contamination)* **( I ) the 
erupted  gases  initially  had  compositions  closely  approaching  equi- 
librium, and  (2)  the  reacting  gases  were  quenched  at  some  tem- 
perature near  the  collection  temperature."  These  views  are  less  far 
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Tabu:  28.1. — Compoiition  cf  Havanan  eruptive  gaics,  1912-1919 
[n.d..  not  determined.  . not  detected] 


Sample 

Constituents  (mote  percent) 

Atomic 

tabus 

Hfi 

Ht 

CO, 

CO 

so, 

HfS 

HfS 

C/S 

1912  Kilauea  Summit  (Day  and  Shepherd,  1913) 

D-l  .... 

n.d. 

7 2 

23.8 

5.6 

n.d. 

n.d. 

n.d. 

n.d. 

D-2  

n.d. 

6.7 

58.0 

3.9 

n.d. 

n.d. 

n.d. 

n.d. 

D-l 

n.d. 

7.5 

62.3 

3.5 

n.d. 

n.d. 

n.d. 

n.d. 

D-ll  ... 

n.d. 

7.0 

59.2 

46 

n.d. 

n.d. 

n.d. 

n.d. 

D-l 7 

n.d. 

10.2 

73.9 

4.0 

n.d. 

n.d. 

n.d. 

n.d. 

1917  Kilauea  Summit  (Shepherd,  1919) 

S-l  

87.8 

5.45 

3.42 

1.34 

.809 

1.20 

96.7 

2.36 

S-2  

61.4 

2.16 

28.7 

.575 

6.13 

1.04 

18.0 

4.08 

S-3  

20.5 

1.78 

38.1 

1 62 

35.3 

2.72 

1.31 

1 04 

S-4  

69.7 

1 28 

10.0 

3.53 

5.16 

10.3 

10.5 

.875 

S-5  

70.2 

1.66 

10.3 

1.21 

12.7 

3.93 

9.11 

.692 

S-6  

906 

.212 

1 99 

.827 

2.77 

363 

29.5 

.440 

S-7  

67  8 

.803 

18.2 

.655 

11.0 

1.50 

11.2 

1.51 

S-8  

75.5 

704 

15.4 

.452 

7.35 

.657 

19.2 

1.98 

S-9  

64.7 

1% 

8.98 

.885 

19.9 

3.57 

5.98 

.420 

S-10  .... 

90.5 

.372 

1.55 

.433 

2.39 

4.78 

26.7 

.277 

1918-19  Kilaoca  Summit  (Shepherd,  1921} 


1-2  

85.3 

6.58 

8.14 

21  0 

0.808 

-3  

83.6 

156 

6.90 

.229 

9.10 

18.4 

.783 

-4  

87.4 

.175 

6.99 

.144 

5.05 

.206 

33.4 

1.36 

-6  

98.4 

.088 

1.09 

.200 

.175 

1130 

7.37 

-8  

37.1 

493 

48.9 

1.50 

11  9 

055 

6.30 

4.22 

-10  ... 

60.0 

.118 

194 

.130 

20  2 

.079 

5.94 

963 

-11  .... 

64.2 

334 

21.8 

.615 

12.7 

348 

9.95 

1.72 

-12  .... 

97.8 

.081 

1.43 

.050 

.561 

.094 

299  0 

2.26 

-13  ... 

69  9 

994 

17.6 

601 

108 

124 

13.0 

1.67 

-14  ... 

79.1 

.175 

15.2 

.484 

4.88 

.137 

31.7 

3.13 

-15  .... 

79.0 

.107 

12.3 

.139 

8.40 

.043 

18.7 

1.47 

- 16 

68.4 

.692 

18.6 

.578 

11.5 

.206 

11.8 

1.64 

-17 

80  2 

.587 

11.7 

.374 

6.72 

.324 

23-0 

1.71 

-18  

64.8 

.869 

18.4 

.775 

14.8 

.307 

8.73 

1.27 

1918-19  Kilauea  S« 

unmit: 

estimated  equilibrium  composition  (Gerlach,  1980) 

-8  

37.1 

.490 

48.9 

1.51 

11.8 

0.040 

6.36 

4.26 

-11  .... 

40  1 

.550 

36.7 

1.03 

21.1 

.200 

3.84 

1.77 

-13  .... 

69.3 

101 

17.8 

620 

10,9 

,080 

12.8 

1.68 

-14  ... 

35.1 

.540 

47  4 

1.52 

15.1 

.150 

4.69 

3.21 

-16  

60.4 

.870 

23.2 

.740 

14.3 

.140 

8.50 

1.66 

-17 

66  0 

1.02 

20.3 

.620 

11.4 

.320 

115 

1.78 

-18  

58.1 

1.03 

21.8 

.930 

17.5 

,170 

6,71 

1.29 

1919  Manas  Lou  (Shepherd,  1920) 

ML-1  ... 

75.4 

3.84 

0.03 

3.30 

45.7 

1.16 

ML- 2 ... 

67.4 

.01 

6.42 

.19 

10.07 

.. 

13.5 

.66 

apart  than  one  might  think:  Gerlach  (1980)  recognizes  the  effects  of 
oxidation  and  of  shallow  degassing  of  C02  on  these  compositions; 
furthermore,  thermodynamic  analyses  such  as  Gcrlach’s  are  con- 
cerned with  the  relative  proportions  of  oxidized  and  reduced  species 
rather  than  the  relative  proportions  of  all  hydrogen -bearing,  carbon  - 
bearing,  and  sulfur-beanng  species.  In  addition,  it  may  indeed  be 
possible  that  each  bubble  has  its  own  composition  and  yet 
approaches  equilibrium  when  one  considers  the  possible  effects  of 
differential  degassing  with  pressure  and  of  the  incorporation  of  air 
and  water  into  the  vent  system  by  a chimney  effect.  The  highly 
porous  edifice  of  Kilauea  combines  with  the  high-temperature  ver- 
tical pipes  of  the  fissure  system  to  produce  a chimney  effect  whereby 
air,  water  vapor,  and  other  gases  are  pulled  through  the  edifice  into 
the  depths  of  the  fissure,  healed,  expanded,  and  ocpelled  to  the 
surface.  A similar  effect  has  been  observed  at  Pagan  Volcano  (see 
Banks  and  others,  1984.) 


The  effects  of  oxidation  and  temperature,  but  not  of  water 
contamination,  can  be  avoided  by  considering  the  analyses  on  m 
atomic  basis.  Table  28. 1 includes  the  analytical  values  normalized  to 
atoms  of  S for  ease  of  comparison,  and  figure  28.1  is  a ternary 
atomic  H-C-S  plot  of  these  data.  If  all  of  these  analyses  were  related 
simply  by  water  contamination  (with  or  without  oxidation  effects) 
the  analyses  would  plot  along  a water-control  line  such  as  the  two 
shown  in  figure  28. 1 ; in  fact,  however,  there  is  a large  amount  of 
scatter  in  figure  28. 1 , implying  considerable  variation  in  car- 
bon/sulfur  ratio  independent  of  the  obvious  water  variation.  Geriadi 
( 1 980)  attributed  this  vanation  to  the  preferential  degassing  of  the 
very  insoluble  C02,  and  he  suggested  that  the  most  C02-nck 
samples  are  most  characteristic  of  undegassed  magma.  On  the  other 
hand,  preferential  degassing  of  C02  at  least  raises  the  possibility  of 
the  contamination  of  eruptive  magma  with  deeper  released  C02- 
Several  observations  may  be  made  from  the  plot  in  figure  28.1:  (I) 
although  the  1917  samples  show  considerably  more  scatter  than  the 
1918-19  collections,  perhaps  because  of  the  poorer  sampling 
conditions  of  1917  noted  by  Shepherd  (1921 X the  compositions  of 
the  two  groups  overall  are  indistinguishable.  (2)  As  noted  by 
Shepherd  (I920X  the  two  Mauna  Loa  samples  are  similar  m 
composition  to  the  Kilauea  samples.  (3)  The  1918-19  analyse? 
selected  as  superior  by  Gerlach  (I960)  show  much  less  scatter  and 
much  closer  adherence  to  a water-control  line  than  does  the  original 
complete  set.  (4)  Nearly  all  samples  have  an  atomic  C/S  ratio  much 
higher  than  do  collections  made  since  1 979,  which  follow  the  water- 
control  line  with  C/S  = 0. 18  in  figure  28.1.  The  third  observation 
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Figure  28. 1 — Ternary  H-C-S  plot  far  1917-19  Hiwmub  eruptive  pMi 
from  table  28. 1 . Dashes  mdscale  water  control  bnes  for  specific  values  d tbr  l-  ' 
ralto  Atomic  hydrogen  has  been  reduerd  by  a factor  of  0.5  to  increase  dart* 


Digitized  by  Google 


28.  HAWAIIAN  ERUPTIVE  GASES 


761 


above  raises  the  unanswerable  question  of  how  much  of  the  observed 
scatter  in  the  1917-19  analyses  might  be  due  to  analytical  error;  a 
modem  analyst  reading  Shepherds  (1925)  account  of  his  analytical 
procedure  can  only  be  awed  by  his  skill  and  meticulous  attention  to 
detail,  while  remaining  aware  of  the  inherent  limitations  imposed  by 
the  equipment  available  to  him.  The  fourth  observation  above  has 
been  attributed  to  degassing  of  C02  during  storage  of  magma  in  the 
summit  reservoir  of  Kilauea,  and  it  forms  the  basis  of  recent  models 
(Gerlach  and  Graeber,  1985;  Greenland  and  others,  1985)  of 
magma-degassing  processes  at  Kilauea. 

The  two  samples  from  Mauna  Loa  have  been  largely  neglected 
in  the  literature,  perhaps  because  both  are  highly  oxidized  and  both 
were  collected  from  a low* temperature  (—300  °C)  ground  crack 
near  advancing  lava  and  about  100  m from  the  eruptive  fissure. 
However,  oxidation  does  not  affect  the  atomic  composition,  and  it 
has  been  my  experience  that  such  sampling  sites  at  Kilauea  fre- 
quently provide  excellent  gas  samples.  The  significance  of  these 
samples  is  that  their  C/S  ratio  is  closer  to  that  of  the  1917-19 
Kilauea  collections  than  to  the  much  lower  ratio  found  for  the  1 984 
Mauna  Loa  eruption.  The  distinction  between  high  1917-19  and 
low  1983-84  C/S  ratios  at  Kilauea  has  been  attributed  to  degas- 
sing during  storage  in  the  summit  reservoir  (Gerlach  and  Graeber, 
1985;  Greenland,  and  others,  1985;  Greenland,  in  pressX  and  the 
same  mechanism  has  been  invoked  to  account  for  the  low  C/S  ratios 
of  the  1984  Mauna  Loa  gases  (Greenland,  chapter  30).  However, 
the  1919  Mauna  Loa  eruption  was  also  a rift  eruption  and  thus  the 
magma  would  be  expected  to  have  passed  through,  and  been 
degassed  in,  the  summit  reservoir;  therefore,  it  is  not  obvious  bow 
the  different  C/S  ratios  of  the  1919  and  1984  eruptions  are  to  be 
accounted  for.  Perhaps  the  very  high  content  of  S03  shown  in  the 
analysis  of  1919  gas  (Shepherd.  1920)  led  to  condensation  of 
H2S04  and  reaction  with  wallrock;  also,  the  chemistry  of  lava 
erupted  on  the  southwest  rift  zone  differs  from  that  of  the  northeast 
rift  zone  (T.L.  Wight,  written  commun. , 1985X  indicating  a 
possibility  of  different  storage  reservoirs  for  the  two  rifts. 


KILAUEA  CAS  COLLECTIONS  FROM  1920  TO  1979 

Gas  collections  representing  the  1959  Kilauea  Iki  eruption 
were  made  from  the  degassing  cinder  cone  of  Puu  Puai  and  from 
drill  holes  in  the  cooling  lava  lake  (Heald  and  others,  1963).  Both  of 
these  sites  give  information  on  the  degassing  of  lava  after  eruption  but 
are  only  indirectly  related  to  eruptive  magmatic  gas  compositions  and 
will  not  be  considered  here. 

Three  samples  were  collected  from  the  1 960  east-rift  eruption 
at  Kapoho  (table  28. 2X  These  samples,  collected  from  a high- 
temperature  fumarole  near  a lava  fountain,  are  remarkable  m 
showing  a significant  amount  of  CH4  and  extremely  high  water 
content  and  C/S  ratio.  Heald  and  others  (1963)  suggest,  very 
reasonably,  that  these  samples  have  been  contaminated  by  meteoric 
water  and  by  buried  organic  matter.  In  view  of  the  probable  high 
degree  of  contamination,  these  analyses  shed  little  light  on  the  nature 
of  magmatic  gases. 


TABLE  28.2. — Competition  of  eruptive  gates  from  Kdauea.  1920-1979 

[i.d,.  wl  ddnaintd;  not  delected] 


CooMMucno  'mol 

t percent) 

Atomic  r 

KK* 

HjO 

H, 

C*>j 

CO 

SO, 

HA 

cil 

HS 

c/s 

Kapoho,  1960 

East  Rift  (Heald 

i 

f 

I 

Ka-1 

97.2 

0.373 

2.34 

0.059 

0.009 

0.047 

22,000.0 

267.0 

K*-2 

97,5 

.394 

1.97 

.019 

.152 

.034 

1,290.0 

13.1 

Ka-4 

97.2 

.432 

2.21 

.086 

.001 

.031 

.023 

6,100.0 

71.8 

Makaopuhi,  1965  Enl  1 

Rift  Lava  Lake  (Finlavaoo  and  a 

■then,  1968) 

26- M 

67.1 

8.54 

24.4 

5.50 

0 35 

27- M 

98. 0 

.057 

1.90 

n.d. 

n.d. 

28-M 

87.5 

137 

1.96 

661 

3.79 

17.6 

19 

29  -M 

97.0 

1 125 

1.92 

n.d. 

n.d. 

38- M 

95.8 

.011 

.597 

— 

3.60 

— 

— 

26.6 

.17 

HaJtaaumau  Fountain,  1968  (Naagbtaa  and  other 

a,  1969) 

HMM 

-1  95.0 

o.d. 

4.0 

n.d. 

1.0 

n.d. 

n.d. 

190.0 

4.0 

1977  East 

Rift  (Graeber  aa< 

t 

i 

G-5 

89.1 

3.06 

5.45 

32.7 

0.93 

G-6 

96  9 

1-99 

.84 

235. 

2.38 

G-7 

93.6 

- 

1.87 

- 

4.42 

- 

- 

42.3 

.42 

Table  28.2  gives  the  analyses  of  five  gas  samples  collected  from 
the  fillmg  lava  lake  at  Makaopuhi  during  the  1965  east-rift  eruption. 
(For  further  analyses  of  gas  samples  from  the  cooling  lava  lake,  see 
Finlayson  and  others,  1968).  As  shown  by  the  low  content  of  H2 
and  the  absence  of  CO,  these  samples  are  highly  oxidized;  the  very 
high  water  content  in  four  of  the  samples  and  the  absence  of  sulfur 
species  m two  also  raises  doubts  about  the  quality  of  the  samples. 
Nevertheless,  on  an  atomic  basis,  the  three  samples  that  contain 
detectable  sulfur  have  C/S  ratios  very  similar  to  the  ratios  observed 
in  the  1983—84  east-rift  eruption  (see  below)  and  two  of  these  have 
H/S  ratios  in  the  range  of  the  later  analyses.  Therefore,  although 
these  samples  have  been  subjected  to  oxidation  and,  probably, 
contamination  with  meteoric  water,  they  are  consistent  with  sugges- 
tions (Gerlach  and  Graeber,  1985;  Greenland  and  others,  1985) 
that  all  summit -stored  magma  at  Kilauea  has  about  the  same 
composition  of  volatiles. 

In  1968,  Naughton  and  others  (1969)  made  an  interesting 
direct  measurement  of  the  major  gases  in  a lava  fountain 
(Halemaumau  eruption  of  1967-68,  table  28.2)  using  an  infrared 
technique.  Naughton  and  others  (1969)  stress  the  exploratory  nature 
of  their  study  and  the  tentativeness  of  the  results;  nonetheless, 
fountain-gas  measurements  obviously  are  impossible  to  obtain  by 
conventional  sampling  procedures,  and  it  is  encouraging  to  note  the 
similarity  of  this  analysis,  particularly  in  C/S  ratio,  to  those  of  the 
1917-19  Halemaumau  samples  (table  28.  IX  The  high  water 
content  in  this  analysis  may  be  due  to  uncertainties  inherent  in  the 
technique  (a  very  large,  and  not  entirely  certain,  correction  was 
required  for  atmospheric  water  in  the  light  path)  However,  in  view 
of  the  observation  that  degassing  of  melt  continues  within  the 
fountain  (Swanson  and  Fabbi,  1973),  it  may  be  that  fountain  gas  is 
enriched  in  water,  which,  because  of  its  high  solubility  in  the  melt,  is 
the  last  gas  to  be  ex  solved.  It  is  unfortunate  that  this  potentially 
rewarding  technique  has  not  been  pursued. 
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Table  28.2  gives  analyses  of  three  gas  samples  from  the  1977  j 
east -rift  eruption  (Graeber  and  others,  1979).  These  samples  were 
collected  from  one  of  the  main  vents  of  the  fissure  eruption  three  days 
after  eruption  of  the  sampled  vent  had  ceased;  the  observation  that 
the  samples  were  almost  entirely  air  and  completely  oxidized  paral- 
lels my  experience  in  sampling  similar  sites  during  the  1 982  summit 
eruptions,  the  1983-84  east-rift  eruption,  and  the  1984  Mauna 
Loa  eruption:  sampling  gases  from  major  vents  after  fountaimng 
ceases  dunng  fissure  eruptions  seems  unrewarding.  A remarkable 
feature  of  these  analyses  is  the  great  variation  in  C/S  ratio,  which 
ranges  from  0.4  to  2.4  in  the  three  samples  collected  within  15 
minutes  of  each  other  at  the  same  vent.  This  is  a greater  range  than 
shown  in  14  months  of  the  1983-84  eruption  (see  below).  Graeber 
and  others  (1979)  observed  reddish  flame  at  this  vent  during  the 
night,  and  it  may  be  that  the  varying  C/S  ratio  reflects  pyroiyzing 
organic  matter  swept  into  the  vent  by  the  chimney  effect,  a phe- 
nomenon recognized  frequently  dunng  early  stages  of  the  1983-84 
eruption. 

KILAUEA  GAS  COLLECTIONS  FROM  1980  TO  1982 

Dunng  this  period,  gas  samples  were  collected  from  a shallow 
intrusion  into  the  southwest  rift  zone  and  from  two  summit  eruptions. 
Gas  samples  during  these  events  were  collected  in  flowthrough 
bottles.  The  sampling  technique  and  subsequent  gas  chro- 
matographic analysis  have  been  described  previously  and  the  results 
compared  with  conventional  techniques  (Greenland,  1 9841 

Only  partial  analyses  (H2.  C02,  CO,  and  S02)  could  be 
made  of  these  samples,  and,  for  comparison  with  other  eruptions,  it 
is  necessary  to  make  an  estimate  of  the  H20  and  content  of  the 
gases.  Following  the  procedure  described  elsewhere  (Greenland, 
chapter  30X  equilibrium  constants  for  the  elementary  oxidation 
reactions  of  the  major  gases  can  be  expressed  as 

log  K / = 2log[C02/CO] - logl02]  (I) 

log  K2  = 2log[H20/H2]-log[02]  (2) 

log  A3  = 21og[S02/H2S]  + log[H2]- k>g[02l  (3) 

and,  over  a limited  temperature  range,  the  temperature  dependence 
of  the  equilibrium  constant  can  be  approximated  by 

log  K**[A/T]  + B,  (4) 

where  A and  B are  thermodynamic  constants.  Complete  gas 
analyses  of  both  the  1983-84  east-rift  eruption  (Greenland,  in 
press)  and  of  the  1984  Mauna  Loa  eruption  (Greenland,  chapter 
30)  have  shown  that  the  partial  pressure  of  oxygen  in  these  gases  was 
buffered  by  the  magma;  therefore,  log[02]  is  a linear  function  of  the 
reciprocal  of  temperature.  Averaging  the  results  from  the  cited 
complete  analyses  yields 

loc[OJ-  -[18,600/71  + 4.06.  (5) 

Combining  equations  1,4.  and  5 makes  it  possible  to  estimate  an 
equilibrium  temperature  for  a gas  sample  from  the  observed 
CO/CO  ratio,  and  equations  2 and  3 provide  estimates  of  the 
equilibrium  amounts  of  H20  and  I LlS  in  the  sample. 


Table  28. 3 provides  the  estimated  equilibrium  composition  of 
gas  samples  collected  in  the  1980—82  period.  These  estimates 
depend  on  the  assumptions  that  ( I ) the  gases  were  in  thermodynamic 
equilibrium  and  (2)  there  has  been  no  oxidation  of  CO  or  H2 . That 
many  eruptive  gas  samples  approximate  equilibrium  assemblages  has 
been  demonstrated  widely  (Greenland,  chapter  30;  Gerlach.  1 980. 
1982;  Greenland,  in  press).  Examination  of  equations  I and  2 show 
that  oxidation  of  CO  would  yield  a low  estimate  of  temperature  and 
a high  estimate  of  water,  whereas  oxidation  of  H2  would  result  in  a 
low  estimate  of  water.  There  can  be  no  independent  check  on  the 
oxidation  state  of  these  samples,  and  therefore  the  water  and 
temperature  estimates  should  not  be  taken  too  literally;  on  the  other 
hand,  as  shown  below,  results  from  this  calculation  procedure 
appear  to  be  generally  reasonable  and  are  preferable  to  no  estimate 
at  all.  Note  that  this  procedure  does  not  alter  the  observed  gas 
ratios,  and  thus  the  original  analyses  may  be  recovered  directly  from 

table  28.3. 

A major  intrusion  into  the  southwest  rift  zone  of  Kilauea 
occurred  on  August  10,  1981 , and  resulted  in  ground  cracking  over 
a large  area.  A small  segment  of  the  dike  reached  within  250  m of 
the  surface  (estimated  from  deformation  measurements,  A. 
Okamura,  oral  common.,  1981)  and  magmatic  gases  issued  from 
low-temperature  ground  cracks  in  this  local  area.  The  estimated 
equilibrium  compositions  of  samples  of  these  gases  (table  28.3)  show 
a rapid  change  with  lime.  The  initial  sample  has  a composition 
similar  to  some  of  the  east-rift  Makaopuhi  and  1983-84  east-rift 
gases  (this  paper),  but  subsequent  samples  are  water- rich  and  show- 
increasing  C/S  ratios  with  continued  outgassing.  A sample  collected 
the  following  morning  (August  I IX  after  the  intrusion  had  ended, 
had  a C/S  ratio  of  >100  and  too  little  CO  to  attempt  an 
equilibrium  estimate.  Because  C02  is  much  less  soluble  than  S,  the 
increase  of  C/S  ratio  with  time  cannot  reflect  degassing  of  the  near- 
surface  mdt.  Btrhaps  C02  that  ex  solved  from  the  deeper  part  of  the 
dike  percolated  through  the  local,  shallow  segment  as  an  easy  route 
to  the  surface;  this  would  account  for  the  observation  that  CO, 
emissions  from  these  cracks  ceased  after  a few  weeks  when,  presum- 
ably, freezing  of  the  shallow  segment  of  the  dike  blocked  egress  for 

the  C02. 

A brief  fissure  eruption  adjoining  Halcmaumau  occurred  in 
April  1982.  It  was  impossible  to  obtain  gas  samples  from  the 
erupting  vents,  and  samples  obtained  from  these  vents  after  foun tam- 
ing ceased  consisted  only  of  air.  Two  strongly  fuming  ground  cracks, 
on  strike  with  the  fissure  and  less  than  100  m from  fountains, 
provided  the  analyses  given  in  table  28.3.  The  initial  sample  from 
crack  no.  I has  a composition  similar  to  east-rift  samples,  but  the 
C/S  ratio  increases  rapidly  in  the  subsequent  samples,  which  also 
become  very  water  nch.  The  first  sample  from  crack  no.  2 already 
has  a high  C/S  ratio  and  high  water  content,  and  subsequent 
samples  show  increases  in  both  parameters.  The  probable  explana- 
tion for  the  increase  in  C/S  ratio  with  time  at  these  cracks  lies  in  their 
location  at  the  edge  of  Halemaumau:  it  is  likely  that  these  cracks  tap 
into  the  extensive  Halemaumau  fumarole  system;  they  have  continued 
to  emit  C02-rich  gases  typical  of  these  fumaroles  through  May 
1985.  I"hc  composition  of  the  magmatic  gas  probably  is  best 
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TABLE  28.3.  — Composition  of  eruptive  gates  from  Kiitatea.  1980-1982 
[...  no  .1*1*] 


Colkvtioa 

IhnpmiuR1  (*C) 

Consbitxati  male  percent) 

A Hi  rax  i 

nun 

Daft 

How 

LoUcctton 

bgwJibnUBi 

H?0 

H, 

CO, 

CO 

SO, 

H.S 

CVS 

AUGUST  1981  SOUTHWEST- RIFT- ZONE  INTRUSION 

8, 10  81 

0800 

84 

878 

83.222 

0 524 

3.772 

0.029 

11.379 

1.073 

13.623 

0.305 

1200 

M 

810 

93.688 

388 

1.497 

006 

1906 

.515 

42.792 

.340 

1530 

82 

919 

90.178 

.714 

3.165 

.034 

5.421 

487 

30.930 

.541 

1730 

82 

823 

91.709 

.413 

3.713 

.017 

3.692 

.456 

44.630 

.899 

APRIL  1982  SUMMIT  ERUPTION 

Ground  crack  No.  1 

4.' 30>  82 

1S40 

94 

1.002 

79.712 

0.962 

3064 

0 063 

15.228 

0.972 

10.080 

0.193 

1745 

85 

755 

94.943 

.268 

3.766 

.008 

.872 

143 

187  923 

3.719 

1940 

80 

712 

94.487 

.192 

4.713 

.006 

.503 

.097 

315.613 

7.859 

2210 

79 

689 

94.143 

.159 

5.427 

.006 

.218 

.046 

713.306 

20.537 

2400 

- 

652 

93.509 

.115 

6 241 

.004 

.105 

.026 

1,432.087 

47.747 

Ground  crack  No.  2 


1530 

82 

909 

89.578 

0.672 

3.333 

0.033 

5.846 

0.538 

28  442 

0.527 

1735 

86 

816 

92.110 

.397 

4.211 

.018 

2.897 

.367 

56.906 

1.296 

1940 

85 

743 

93.566 

.242 

4.844 

.009 

1.145 

.194 

140.410 

3.625 

2220 

82 

698 

94.369 

.172 

5 343 

.006 

.091 

.019 

1,732.875 

49.017 

SEPTEMBER  1982  SUMMIT  ERUPTION 

Ground  cracks 

9/29/12 

1910 

22 

1,128 

87.644 

1.813 

1.732 

0.080 

8.297 

0.434 

20.591 

0.208 

1920 

40 

1,113 

88.580 

1.726 

1.236 

.052 

7.971 

.435 

21.589 

.153 

2000 

85 

1,132 

87.261 

1 833 

1.299 

.062 

9.076 

.469 

18.766 

.143 

Active  ve»t 

9/25/82 

2300 

1,120 

1.004 

47.068 

0.573 

6.239 

0.129 

44.316 

1.675 

2.145 

0.138 

2325 

1,070 

1,042 

72.311 

1.048 

3.261 

.088 

22.129 

1.164 

6.399 

.144 

9/26/12 

0125 

995 

78.632 

.914 

3.488 

.067 

15.878 

1.020 

9.536 

.210 

0405 

.. 

958 

91.220 

.887 

.974 

.014 

6.384 

.521 

26.830 

.143 

approximated  by  the  first  sample  from  crack  no.  I . 

Another  brief  summit  eruption  of  Kilauea  took  place  in  the 
south  caldera  in  September  1982.  Actively  fountammg  vents  were 
unapproachable , but  fuming  ground  cracks  (the  leading  edge  of  the 
progressively  opening  fissure)  yielded  three  gas  samples  (table 
28.3).  One  isolated  vent  erupted  very  briefly  and  then  continued  to 
emit  a continuous  blue-green  flame  with  spatter  and  occasional  small 
lava  overflows  for  the  rest  of  the  eruption;  this  provided  the  gas 
samples  identified  as  from  an  active  vent  in  table  28. 3.  Unlike  those 
from  the  preceding  eruption  and  intrusion,  these  samples  maintain  an 
approximately  constant  C/S  ratio  throughout;  this  ratio  is  the  same 
as  that  of  the  samples  considered  best  from  the  April  1982  eruption 
and  the  1983-84  east-rift  eruption.  The  active-vent  samples  show 
an  increase  in  apparent  water  content  with  time.  Whether  this  is  a 
real  effect  or  an  anomaly  caused  by  the  procedure  for  estimating 
water  is  uncertain.  An  important  observation  is  the  similarity  of  the 
gas  compositions  in  very  low  temperature  samples  from  ground 
cracks  and  in  high -temperature  samples  at  the  active  vent:  appar- 
ently, gases  are  quenched  very  rapidly  by  contact  with  the  cold 
country  rock,  a significant  result  to  consider  when  attempting  to 
sample  fissure  eruptions. 

KILAUEA  GAS  COLLECTIONS  FROM  1983 

A middle-east -rift  eruption  of  Kilauea  began  in  January  1983 
and  has  continued  episodically  (through  February  1 986).  Results  of 
complete  analyses  of  gas  samples  from  this  eruption  arc  described 


elsewhere  (Greenland,  in  press)  and  will  not  be  considered  here. 
More  than  400  gas  samples  were  collected  for  partial  analysis 
(C02,  CO.  H2,  and  S02);  more  than  half  of  these  contained  too 
much  air  or  organic  gases  or  were  too  greatly  oxidized  to  be  of  much 
significance.  Tables  28.4-28.8  present  the  results  for  the  remainder 
of  the  samples,  selected  with  the  constraints  that  ( I ) C02  and  S02 
constitute  more  than  0. 1 percent  and  CO  and  H2  more  than  0.001 
percent  of  the  original  sample  to  ensure  adequate  determination  and 
(2)  the  CO/H2  ratio  be  less  than  0.3  to  exclude  samples  with 
organic  contamination  and  some  of  the  oxidized  samples.  Estimated 
equilibrium  temperatures  and  H20  and  contents  (see  above) 
are  included  in  tables  28.4-28.8;  as  noted  above,  these  estimates 
have  large  uncertainties  and  only  the  general  tendency  of  the  results 
can  be  regarded  as  significant. 

This  eruption  began  as  a fissure  eruption  that  provided  an 
abundance  of  gas  sampling  sites  along  a line  of  vents  several 
kilometers  long  through  January  and  part  of  February  1983;  by 
June  1983.  the  eruption  had  become  localized  at  a single  vent  that 
has  provided  far  fewer  gas-sampling  opportunities.  With  the  restric- 
tion of  sampling  sites,  samples  were  increasingly  collected  for 
complete  analysis  rather  than  the  rapid  partial  analyses  described 
here;  therefore  most  of  the  results  in  tables  28.4-28.8  refer  to  the 
January- March  1983  interval. 

These  results  are  summarized  in  the  ternary  atomic  H-C-S 
diagram  of  figure  28.2.  This  diagram  shows  that  most  of  the 
samples  adhere  closely  to  a water-control  line  with  a C/S  ratio  of 
0. 18.  A few  of  the  samples,  particularly  at  higher  water  contents. 
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Table  28.4.  — Composition  of  gases  from  east  rift  eruption  of  Kilauea,  1983:  actively  erupting  vents 
[ . no  data] 


Sample 

Dm 

low'd) 

Temperature  f*C> 

CouaUttMtiC*  na 4c  perveel 

Atomic 

ratios 

Collection 

Kquibbrum 

up 

H, 

CO, 

OO 

SO, 

H/S 

C/S 

70 

1/ 10 

823 

68  427 

0.308 

6.503 

0.030 

22.611 

2.121 

5.730 

0.264 

71 

no 

811 

67  474 

.282 

6.508 

.026 

23.450 

2.260 

5.447 

254 

259 

3/31 

827 

57.568 

.266 

9.151 

.M3 

30,584 

2.387 

3653 

.279 

386 

8/12 

830 

65  766 

.309 

6453 

.031 

25.217 

2.223 

4.978 

.236 

3*7 

8/13 

920 

74.629 

,595 

3 485 

.038 

19.772 

1.482 

7.218 

.166 

389 

8/13 

1,048 

1,089 

87.004 

1.538 

1 488 

.054 

9.386 

.530 

17.965 

.156 

390 

8/13 

820 

954 

56.578 

.539 

6660 

095 

34  348 

1.780 

3.260 

.187 

391 

8/13 

820 

966 

78.035 

.790 

3.413 

.053 

16.570 

1.139 

9.031 

196 

393 

8/14 

820 

919 

64.112 

508 

5 227 

056 

28  265 

1.831 

4.416 

.176 

394 

8/14 

820 

977 

83.633 

895 

2 629 

045 

11  946 

.852 

13  343 

.209 

395 

8/14 

1,120 

1,083 

84.515 

1.457 

2.153 

076 

11.177 

.623 

14.677 

189 

396 

8/14 

1,120 

1035 

92.098 

1.289 

2.158 

.055 

4 121 

.279 

42.575 

.503 

404 

9/02 

1,115 

1.039 

85.476 

1.2 22 

1.692 

045 

10.887 

.678 

15.110 

.150 

405 

9/02 

1,115 

1,051 

80.879 

1.216 

2.359 

.067 

14.636 

841 

10.717 

.157 

406 

9.02 

1,115 

1,024 

83.432 

1.115 

1.972 

047 

12.635 

.798 

12.707 

.150 

407 

902 

1,110 

982 

79.500 

.870 

1.976 

.035 

16.511 

1.108 

9.249 

.114 

408 

902 

1,110 

863 

58.040 

.335 

4.311 

.029 

34,849 

2.437 

3.262 

.116 

409 

9/03 

1,113 

1.074 

90  476 

1.502 

1.319 

044 

6.279 

381 

27.735 

.205 

410 

9/04 

1,110 

1,078 

85  853 

1.451 

1.435 

.049 

10.605 

606 

15683 

.132 

411 

9/04 

1,110 

1,076 

85  390 

1.429 

1.514 

.051 

10.987 

628 

15  058 

.135 

414 

10/28 

658 

68.036 

088 

4.118 

.003 

23.398 

4.330 

5 228 

.149 

Table  28.5.- 

-Composition  of  gases  from  east  nfl  eruption  0/  Kilauea,  1983:  presently  inactive 
(. ..  no  data] 

Sample 

Dm 

tmn'd) 

Temperature  <*C) 

Cuouiruenu 

(mole  percent) 

Atomic 

ratios 

CaUccTMfl 

Equilibrium 

HP 

Hr 

COj 

OO 

SO; 

HjS 

IIS 

OS 

10 

1/05 

721 

1,025 

74.674 

1.000 

4.647 

0.111 

18.519 

1.408 

7.842 

0.243 

11 

1/05 

721 

1X>23 

71.293 

.948 

5 543 

.131 

20.948 

1.137 

6.645 

.257 

20 

1/05 

92 

1,025 

88.274 

1.185 

5.412 

.130 

4.688 

.311 

35.915 

1.109 

49 

1/07 

1,116 

65.527 

1.295 

5.373 

.233 

26.503 

1.070 

4.925 

.203 

50 

1/07 

1.108 

67.292 

1.286 

4.934 

.203 

25.221 

1.064 

5.299 

.195 

54 

1/09 

285 

820 

48.154 

.212 

10.515 

.046 

38.491 

2.581 

2.481 

.257 

61 

1/09 

95 

837 

56.567 

.278 

10.208 

.053 

.30.624 

2.270 

3.594 

.312 

69 

1.09 

941 

1,071 

71.143 

1.170 

3 295 

108 

23.164 

1.120 

6.048 

.140 

88 

1/13 

498 

978 

50.672 

.543 

9.150 

156 

37.831 

1.648 

2.678 

.236 

90 

1/14 

720 

1,081 

67.925 

1.173 

6.170 

.217 

23.460 

1.055 

5.723 

.261 

93 

1/14 

935 

1,0*2 

57.134 

.984 

6.672 

.234 

33.697 

1.279 

3.396 

.197 

98 

1/15 

500 

961 

59.777 

.594 

4.708 

.072 

33.079 

1.771 

3.566 

.137 

113 

1/15 

888 

1,084 

64  240 

1.115 

6.300 

.224 

26.976 

1 145 

4.730 

.232 

115 

1/15 

890 

1,118 

6*  469 

1,363 

5.283 

.231 

23.660 

993 

5,746 

.224 

116 

1/16 

888 

1,076 

71.707 

1.202 

4.874 

164 

21.039 

1.014 

6.7M 

.228 

118 

1/16 

888 

1,092 

71.225 

1.277 

4 249 

.159 

22.071 

1 019 

6.368 

.191 

119 

1/17 

8*7 

1,064 

75.852 

1.209 

3,346 

104 

18  520 

,969 

8 008 

.177 

120 

1/17 

887 

1,048 

67.626 

1 006 

4.054 

.114 

25  9*0 

1 260 

5.139 

.153 

122 

1/18 

863 

1,052 

57.602 

.871 

5.590 

.161 

34  .364 

1.412 

3 348 

.161 

123 

1/18 

863 

1,054 

73.850 

1.124 

3952 

.115 

19  918 

1.041 

7.254 

.194 

143 

2-12 

900 

990 

47.358 

539 

5.482 

.102 

44  752 

1 766 

2.135 

.120 

144 

2/12 

350 

1,101 

65.042 

1.208 

4.234 

.167 

28  181 

1 168 

4 594 

150 

154 

2/14 

1,008 

950 

59.720 

.557 

2.779 

038 

34  967 

1.938 

3.372 

.076 

155 

2/14 

1,006 

677 

5H.464 

089 

2.734 

.002 

33.758 

4.952 

3.281 

.071 

156 

2/14 

796 

33.420 

.126 

9.531 

.033 

54  144 

2.746 

1.276 

.168 

165 

2- 15 

985 

987 

67.390 

.754 

2.113 

039 

28.116 

1.589 

4 695 

.072 

178 

2/17 

867 

1,023 

73.915 

981 

3.115 

.074 

20.746 

1.169 

6.942 

.146 

179 

V 17 

867 

1,003 

50.070 

.607 

5.613 

.115 

41.905 

1 690 

2 402 

.131 

187 

2/23 

975 

961 

63.474 

.631 

3.242 

.049 

30.851 

1.752 

4.040 

101 

188 

2/23 

975 

866 

77,200 

-452 

2 309 

016 

18.345 

1.678 

7.924 

.116 

194 

2/24 

930 

898 

69  084 

487 

3.96* 

036 

24,597 

1*28 

5.404 

.152 

195 

2/24 

930 

8% 

69.048 

480 

3 972 

035 

24.622 

1 843 

5 394 

.151 

250 

3 29 

230 

765 

30  731 

093 

8 753 

.022 

57.391 

3.010 

1.120 

145 

275 

405 

900 

716 

41,175 

086 

7 202 

010 

47,427 

4 099 

1.761 

140 

279 

407 

873 

80.300 

492 

2.025 

015 

15,711 

1.457 

9.582 

.119 

281 

4 08 

'832 

842 

82.835 

421 

1840 

.010 

13.470 

1.424 

11.371 

.124 

285 

4 08 

862 

817 

73  319 

.317 

3.067 

013 

21  114 

2.170 

6.511 

.132 

311 

5 06 

810 

685 

48  J94 

.079 

5.679 

006 

4 1 046 

4.797 

2.324 

.124 

315 

5/16 

795 

805 

83.659 

334 

2.477 

.009 

12.058 

1 462 

12.641 

.184 

317 

5'20 

765 

839 

71.198 

354 

4 160 

.022 

22.212 

2053 

6.067 

.172 

322 

5 '24 

750 

778 

85.187 

.284 

2.143 

006 

10.897 

1 483 

14.047 

.174 

323 

5/24 

750 

7*3 

85.164 

.294 

2.225 

007 

10  860 

1.450 

14  120 

.181 
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TABLE  26.6. — Contpoufcon  of  gcuei  from  cart  rift  eruption  of  Kdatea,  1963:  ground  crocks  near  eruptive  center 

no  data] 


Sample 

Dae 

{no/4) 

Temperature  (*C) 

CaaaUtuemi 

mot*  percent} 

Atomic 

ratim 

Cottectien 

Equilibrium 

Hfi 

H, 

co* 

CO 

SOj 

KfS 

C/S 

2 

1/03 

140 

1,143 

63.183 

1.388 

7.571 

0.385 

26.498 

0.974 

4.772 

0.290 

3 

1/03 

141 

1,296 

74.433 

2.771 

4.913 

.557 

16.782 

.545 

8.974 

.316 

22 

1/05 

205 

1,034 

68  096 

.952 

4.723 

.121 

24.852 

1.256 

5.386 

186 

23 

1/05 

88 

1,012 

71.712 

.907 

3.752 

.082 

22.295 

1.252 

6.274 

163 

24 

1/06 

80 

1,023 

86.327 

1.144 

2.894 

.068 

8.979 

.588 

18.409 

.310 

25 

106 

77 

970 

91.516 

944 

2.283 

.037 

4.838 

.383 

35.565 

444 

26 

1/06 

78 

1,070 

80  157 

1.312 

3.563 

.116 

14.085 

.766 

11.075 

.248 

27 

1/06 

67 

1,045 

85.588 

1.253 

4.105 

.113 

8 423 

.518 

19,541 

.472 

28 

106 

82 

1,075 

88.020 

1.472 

3.915 

.131 

6.103 

.359 

27.809 

.626 

29 

1/06 

78 

1,052 

86.814 

1.315 

4.781 

.138 

6.551 

.401 

25.469 

.708 

JO 

1/06 

78 

1,047 

87.346 

1.293 

4.826 

.135 

6.025 

.375 

27.817 

.775 

31 

106 

77 

1,056 

89  185 

1.370 

4.605 

136 

4 429 

.276 

38.610 

1.008 

32 

106 

1,054 

90.351 

1.376 

4.401 

.128 

3.521 

.223 

49.119 

1.210 

J4 

1/06 

335 

1,084 

77.589 

1.343 

3.263 

.115 

16.829 

.861 

9.021 

.191 

46 

1/06 

48 

1,107 

83.573 

1 589 

6.113 

.250 

8.055 

.420 

20.1% 

.751 

47 

1/07 

69 

1,091 

76.085 

1 359 

5.081 

188 

16.475 

.812 

9054 

.305 

72 

1/11 

90 

919 

64.839 

.514 

5.442 

.059 

27.354 

1.792 

4 607 

.189 

73 

1/11 

91 

830 

62.308 

.293 

6.589 

.032 

28.402 

2.376 

4.222 

.215 

74 

1/11 

860 

72.512 

.411 

5.159 

.033 

20.122 

1.762 

6.826 

.237 

7$ 

1/11 

88 

888 

76.237 

,508 

4.909 

.041 

16.884 

1.421 

8.540 

.270 

162 

2/14 

330 

941 

45  600 

406 

8.355 

,107 

43.638 

1 894 

2 104 

186 

167 

2/15 

835 

1,007 

62.530 

.771 

2.588 

.055 

32.439 

1.617 

3.812 

.078 

168 

2/15 

835 

1,010 

60.083 

.751 

2.693 

.058 

34.762 

1.654 

3.432 

.076 

169 

2/15 

440 

791 

69.461 

.252 

1 661 

.005 

25.844 

2.776 

5.066 

.058 

19* 

2/27 

385 

1,031 

62.644 

863 

4.091 

.102 

30.850 

1.449 

4.022 

.130 

199 

2/27 

275 

1.045 

50.472 

.740 

4.979 

.137 

42.127 

1.544 

2.416 

.117 

205 

3/01 

270 

892 

44.853 

.305 

9.908 

.085 

42.741 

2.108 

2.108 

.223 

211 

3 04 

83 

712 

68.129 

.139 

11.1M 

.015 

17.969 

2.563 

6.900 

545 

212 

3 04 

244 

766 

40  682 

125 

10  502 

.027 

45.520 

3.143 

1.806 

.216 

244 

3/28 

210 

661 

43.642 

.058 

7.842 

006 

43.346 

5 106 

2.015 

162 

249 

3/29 

125 

660 

61  175 

.081 

6.607 

.005 

27.576 

4.556 

4.096 

206 

251 

3/29 

749 

40.860 

.111 

7.646 

.016 

47.811 

3.556 

1.734 

.149 

329 

6/13 

67 

965 

55.816 

.561 

2-267 

.035 

39.361 

1.961 

2.824 

.056 

330 

6-13 

85 

1,010 

87  580 

1.094 

.517 

Oil 

10.105 

.693 

16.553 

.049 

331 

6/13 

117 

999 

57.747 

.687 

2.199 

.044 

37.559 

1.765 

3.062 

.057 

TaBLE  28.7. — Compoution  of  gasei  from  etui  rift  eruption  of  Kdateo,  1963:  ground  crocks  dixlant  from  eruption  center 

{..,  no  data] 

Sample 

Dae 

(mol'd) 

Temperature  CO 

GxMtfuenn  i mate  percent) 

Atomic 

retie* 

CoOertioa 

Equilibrium 

HjO 

H, 

CO, 

CO 

SO, 

HiS 

HS 

OS 

13 

1/05 

571 

1,079 

61.882 

1.051 

5.253 

0.180 

30.375 

1.258 

4.058 

0.172 

14 

1/05 

561 

1.106 

69.929 

1.326 

4.113 

.167 

23.434 

1.031 

5.909 

.175 

15 

1/05 

441 

1,108 

68.678 

1.313 

5.441 

.224 

23.339 

1 004 

5.833 

.233 

16 

1/05 

441 

1,111 

70.619 

1.370 

4 614 

194 

22.228 

975 

6.289 

.207 

17 

1/05 

420 

1,079 

65.772 

1.117 

5.367 

.185 

26  398 

1.160 

4.939 

.201 

18 

1/05 

1,066 

64  907 

1.041 

4.991 

.157 

27.665 

1.239 

4.649 

.178 

51 

1/09 

72 

858 

85.494 

.478 

5.663 

036 

7.551 

.778 

20  831 

,684 

52 

1/09 

86 

816 

66.681 

.287 

6.933 

.030 

23.838 

2.231 

5.309 

.267 

53 

1 09 

6 

894 

77,888 

.535 

9.650 

.084 

10  924 

.919 

13.399 

.822 

55 

109 

160 

803 

55.117 

.218 

10.728 

040 

31.350 

2.546 

3.415 

.318 

62 

1/09 

150 

923 

58.210 

.470 

5.872 

.065 

33.432 

1.951 

3-427 

.168 

63 

1/09 

150 

921 

54.940 

.439 

6.501 

.071 

36.051 

1 998 

3.016 

.173 

65 

1/09 

70 

802 

69  317 

.272 

7.870 

029 

20.426 

2 085 

6.368 

.351 

66 

1/09 

90 

807 

79.636 

.322 

4.267 

.017 

14,134 

1.624 

10.354 

.272 

67 

1/09 

90 

768 

53.077 

.165 

5.892 

.015 

37.484 

3.368 

2.771 

.145 

68 

l 09 

91 

847 

74.979 

.391 

9.323 

.053 

13  940 

1.313 

10  055 

.615 

82 

1/13 

90 

838 

58  741 

.291 

It  954 

063 

26  8% 

2 056 

4.220 

.415 

83 

1/13 

90 

812 

74.217 

.310 

8 945 

.036 

14.922 

1 569 

9.229 

.545 

85 

1/13 

82 

835 

56.364 

.273 

12  964 

.066 

28.235 

2.098 

3.873 

430 

87 

1/13 

88 

923 

57.383 

.465 

10.472 

.117 

29.854 

1 709 

3,774 

.335 

89 

1/14 

145 

859 

54.313 

.305 

10.186 

.065 

32.950 

2.182 

3.234 

.292 

91 

1/14 

85 

815 

60.104 

.257 

8 989 

.038 

28.217 

2.3% 

4.100 

.295 

114 

1/15 

87 

843 

76489 

.389 

15  664 

086 

6.721 

.650 

21.036 

2.137 

117 

1 16 

87 

830 

78.725 

.371 

12.576 

.061 

7.489 

.778 

19.324 

1 529 

133 

1/24 

732 

745 

75.602 

.198 

3.363 

.007 

18.292 

2.539 

7.521 

162 

180 

2/17 

869 

633 

42.954 

044 

5.198 

.003 

45  656 

6.145 

1.897 

.100 

226 

3/08 

-- 

830 

40.895 

.192 

9.740 

.048 

46.564 

2.561 

1.777 

.199 

Digitized  by  Google 


766 


VOUCANISM  IN  HAWAII 


Tabu-.  28.8. — Composition  of  faxes  from  east  rifl  eruption  of  Kikaiea,  1983:  January  23  crac^ 
i*o  daU] 


Sample 

Date 

Temperarwrr  < *C) 

(iMMKUeOM 

ii»4e  prrcrail 

Atren* 

nUm 

lous'd) 

CoOcClKMI 

Equilibrium 

HjO 

H, 

CO, 

CO 

so, 

H,S 

KS 

GS 

1 30 

1/24 

540 

779 

65.617 

0.220 

4.913 

0.014 

26.369 

2.796 

4.711 

0.169 

132 

1/24 

732 

757 

70.251 

.201 

3 780 

009 

22.933 

2.826 

5.690 

147 

135 

2 '04 

508 

68* 

63.512 

106 

4,915 

.005 

27  348 

4.113 

4.306 

.156 

139 

2 10 

406 

657 

63.532 

082 

4 512 

.003 

27.140 

4.731 

4.289 

.142 

140 

2/12 

385 

696 

44  111 

.079 

8.844 

.010 

42.657 

4 298 

2.065 

.189 

141 

2/12 

385 

666 

55.642 

.077 

6.624 

005 

32.844 

4 808 

3.215 

.176 

176 

217 

410 

744 

45.538 

.119 

H.K66 

018 

41914 

3 545 

2,165 

195 

177 

2/17 

410 

747 

49.86? 

.133 

7.814 

016 

38.629 

3 545 

2.539 

186 

185 

2.23 

407 

68* 

33.766 

.057 

9415 

010 

52.559 

4 194 

1.340 

166 

186 

2’23 

407 

711 

48  525 

.09* 

7.338 

010 

39  883 

4 145 

2.397 

167 

192 

2/24 

403 

738 

41.876 

104 

8.466 

.016 

45.871 

3.667 

1.843 

.171 

193 

2/24 

403 

715 

39  490 

.083 

8.788 

.012 

47.675 

3.952 

1.686 

170 

196 

2/27 

401 

851 

37.138 

199 

8.281 

.049 

51  917 

2-413 

1.463 

.153 

197 

228 

403 

853 

42  441 

230 

7.798 

047 

46  995 

2 489 

1.825 

159 

202 

3/01 

452 

764 

37.414 

.113 

7.651 

019 

51.495 

3 30* 

1.490 

.140 

203 

3/01 

452 

758 

38  045 

no 

7.649 

.018 

50.787 

3.391 

1 534 

.142 

210 

3'04 

435 

765 

45.426 

.138 

6.660 

.017 

44.318 

3.441 

2.052 

140 

227 

1/08 

720 

52.150 

113 

6 601 

.010 

37.141 

3 985 

2 735 

161 

228 

3/08 

733 

51-516 

.123 

6 543 

.011 

37  986 

3.820 

2.653 

157 

236 

3'22 

423 

754 

49  671 

140 

5 898 

.013 

40  666 

3.612 

2.413 

.133 

237 

3/22 

423 

756 

47.385 

135 

6.237 

.014 

42  63* 

3.592 

2-211 

.135 

242 

3/22 

419 

620 

39  594 

.036 

7.780 

003 

46  437 

6.150 

1-741 

.148 

243 

3,28 

419 

663 

45.064 

.061 

6.403 

005 

43.255 

5.211 

2.077 

132 

247 

3/29 

409 

743 

53.558 

139 

5.317 

Oil 

37.251 

3 724 

2 803 

130 

252 

3/  30 

394 

665 

54.701 

.076 

5 088 

004 

35  051 

5.081 

2.983 

.127 

257 

3/31 

401 

671 

M.481 

.079 

5 058 

IXW 

35.405 

4.972 

2.949 

.125 

262 

4 01 

405 

676 

65.667 

.100 

3 824 

.003 

26.125 

4.281 

4 60* 

.126 

270 

4 04 

385 

654 

55.888 

.070 

5.035 

.003 

33.734 

5.270 

3.140 

.129 

276 

4 05 

392 

655 

54.748 

.069 

5.014 

.003 

34.84  3 

5.323 

2.995 

.125 

2X0 

4 08 

410 

660 

56  312 

.074 

4 820 

.003 

33.644 

5.147 

3-173 

.124 

286 

4 0# 

402 

666 

57.777 

(Mil 

4 800 

004 

32  410 

4.928 

3.363 

.129 

2RH 

4/ 11 

41) 

664 

57,9*5 

.079 

4 731 

004 

32  232 

4 969 

3 389 

.127 

291 

4/13 

398 

654 

59.521 

.074 

4.457 

.003 

30.820 

5.124 

3.601 

.124 

deviate  considerably  from  this  line,  becoming  car  bon*  rich.  Exam* 
ination  of  the  tables  shows  that  almost  all  of  the  samples  with  a OS 
ratio  >0.3  were  collected  from  ground  cracks  during  January  1 983; 
the  eruption  began  in  a heavily  vegetated  area,  and  thus  con- 
tamination of  the  magmatic  gas  with  organic  pyrolysis  products  » 
likely.  Furthermore,  the  eruptive  area  contained  numerous  preexist- 
ing low- temperature  fumaroles  emitting  C02  rich  steam,  and  mixing 
of  these  vapors  with  the  magmatic  gas  may  account  for  some  of  the 
samples  rich  in  H20  and  C02-  Samples  with  a C/S  ratio  <0. 1 are 
associated  with  vents  at  which  fountaining  had  ceased  and  with 
ground  cracks  near  eruptive  centers,  and  all  were  collected  after  the 
January  activity;  remobilization  of  S from  the  January  Lava  is  a 
possible  acplanalion  for  the  low  C/S  ratios  of  these  samples. 

The  samples  from  actively  erupting  vents  (table  28.4)  were  all 
collected  within  a few  meters,  usually  a few  centimeters,  of  actively 
churning,  spattering  or  fountaining  melt.  All  but  three  of  these  were 
collected  in  the  period  after  July  1983,  when  eruptive  episodes  were 
preceded  by  the  formation  of  a lava  lake  in  the  central  vent  that 
persisted  for  several  hours  to  several  days  before  full-scale  eruption. 
This  lava  lake  frequently  became  crusted  over,  with  small  vents 
emitting  spatter,  gas,  and  occasional  overflows  of  lava  through  the 
crust;  the  August— October  samples  m table  28.4  were  obtained 
from  such  vents.  The  three  January-March  samples  in  table  28.4 
were  collected  from  small  holes  in  vigorously  fountaining  spatter 
cones.  Examination  of  table  28.4  reveals  a clear  trend  for  apparent 
water  (that  is,  the  thermodynamic  estimate  of  water  content)  to 


H 


C S 


FiCURE  28  2.  — Ternary  H-C-5  plot  for  |«  umph  from  1983  Rtfauea  m*i  nil 
lone  erupt**!.  Data  from  tables  28.4-28  8.  Dashes  tndH-ate  water  control  line* 
for  specific  values  of  the  C/S  ratio.  Atomic  hvdo.»ucn  hat  been  reduced  by  a factor 
u i 0.5  to  increase  clarity 
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increase  and  for  the  C/S  ratio  to  decrease  from  the  pre-April 
samples  through  the  August  samples  to  the  September  samples; 
however,  this  trend  is  not  apparent  in  samples  collected  from  other 
sites  (tables  28.5-28.7)  and  it  seems  more  likely  to  reflect  vagaries 
in  the  degassing  process  rather  than  a change  in  the  volatile 
composition  of  the  magma. 

The  samples  of  gas  from  vents  no  longer  active  (table  28.5) 
collected  before  March  1983  were  invariably  from  very  small  vents 
that  had  erupted  only  weakly,  forming  spatter  ramparts  less  than  a 
meter  high.  Samples  collected  from  vents  that  had  erupted  vig- 
orously either  consisted  solely  of  air  or  were  thoroughly  oxidized, 
often  to  the  point  where  not  even  S02  was  detectable.  The 
March -April  eruptive  episodes  ended  with  partial  collapse  of  the 
crater  wall  in  the  central  vent  cone  (the  later  Puu  OoX  which 
completely  blocked  the  main  vent;  the  samples  in  table  28.5  from 
this  period  were  obtained  from  degassing  cracks  in  the  debris  pile. 
The  observed  variation  in  the  C/S  ratio  of  these  samples  might  well 
be  accounted  for  by  remobilizalion  of  sulfur  from  the  edifice  and 
adjoining  lava  and  by  incorporation  of  pyrolyzed  organic  matter 
through  the  chimney  effect. 

Gas  samples  collected  from  fuming  ground  cracks  have  been 
distinguished  as  “near"  (table  28. 6),  meaning  within  200  ra  of  an 
actively  erupting  vent,  and  “distant”  (table  28. 7 X usually  meaning 
more  than  1 km  from  any  eruptive  site  or  collected  during  a 
noneruptive  period  of  this  episodic  eruption.  Comparison  of  tables 
28.6  and  28.7,  however,  shows  this  to  be  a distinction  without  a 
difference;  the  composition  of  gas  issuing  from  ground  cracks 
appears  to  be  unrelated  to  the  relative  proximity  of  eruptive  centers 
or  to  whether  an  eruption  is  actually  occurring.  A notable  feature  of 
gas  samples  from  these  ground  cracks  is  the  high  temperature  of 
apparent  gas  equilibrium  in  spite  of  the  very  low  collection  tem- 
peratures, many  less  than  1 00  °C.  This  result,  as  with  the  1981  -82 
gas  collections  (see  aboveX  indicates  that  an  abundance  of  gas 
samples  should  be  easily  obtainable  from  Hawaiian  fissure  erup- 
tions. (On  the  other  hand,  an  abundance  of  samples  is  required  from 
such  sites:  about  half  of  the  analyses  excluded  from  tables 
28.4-28.8  as  being  too  oxidized  or  too  contaminated  were 
obtained  from  low-temperature  ground  cracks. ) Comparison  of  these 
samples  with  samples  collected  in  immediate  contact  with  melt  (table 
28.4)  shows  a general  tendency  for  the  apparent  water  content  of  the 
crack  samples  to  be  lower;  this  distinction  may  be  related  to  the 
depth  at  which  gas  became  separated  from  the  melt  (see  Greenland, 
chapter  30)  but  the  possibility  of  greater  oxidation  of  H2.  leading  to 
low  estimates  of  H20,  in  the  low-temperature  samples  cannot  be 
excluded. 

On  January  23,  1983,  an  isolated  very  small  eruption  look 
place  at  a single  vent.  Associated  with  this  eruption,  a ground  crack 
formed  starling  at  a point  about  30  m from  the  vent  and  extending 
for  about  100  m.  This  crack  fumed  strongly  into  April,  making 
possible  a study  of  the  change  of  gas  composition  at  a single  site  with 
time  (table  28.8).  These  data  show  a general  decrease  in  observed 
collection  temperature  with  lime  and  a corresponding,  though 
smaller,  decrease  of  apparent  equilibrium  temperature.  Within  this 
general  trend,  there  was  a notable  increase  in  collection  temperature 
on  March  I . preceded  by  an  equally  notable  increase  in  apparent 


equilibrium  temperature  two  days  earlier;  it  may  be  significant  that 
these  temperature  increases  accompany  the  main  episode  2 eruptive 
activity  (February  25  to  March  4X  Paralleling  the  overall  trend  of 
temperature  decrease  is  a decrease  of  the  C/S  ratio  in  the  gas. 
However,  the  eruptive  activity  of  episode  2 and  episode  3 (March 
28  to  April  9)  produced  lava  that  encroached  upon  and  even 
overran  parts  of  the  crack,  and  it  is  possible  that  significant 
contributions  of  remobilized  sulfur  came  from  these  flows. 

MAUN  A LOA  GAS  COLLECTIONS  FROM  1984 

Complete  gas  analyses  of  collections  from  the  recent  Mauna 
Loa  eruption  are  discussed  in  detail  elsewhere  in  this  volume 
, (Greenland,  chapter  30)  and  will  not  be  considered  here.  Two  types 
of  gas-sampling  sites  were  available  for  this  eruption:  “active"  vents 
that  were  emitting  spatter  interspersed  with  occasional  low  fountains 
or  small  lava  flows  or  both,  and  “feeder"  vents  uprift  of  the  active 
vents.  The  feeder  vents  at  3,350  m elevation  produced  major 
fountains  and  lava  flows  early  in  the  eruption  but  ceased  activity 
when  the  lower  vents  at  2,930  m elevation  became  active.  Abundant 
fume  produced  from  the  feeder  vents  after  lava  emission  ceased  there 
originated  from  magma  degassing  as  it  flowed  through  the  conduit  to 
the  actively  erupting  vents.  Flowthrough-bottle  collections  of  gases 
for  partial  analysis  largely  overlap  the  collections  for  complete 
analysis,  which  were  mostly  being  made  at  the  same  vent  at  the  same 
time. 

Results  of  these  analyses  are  given  in  table  28.9,  which 
includes  estimates  of  the  equilibrium  temperature  and  content  of 
H20  and  H2S  made  as  described  above.  These  data  are  sum- 
marized in  a ternary  H-C-S  plot  in  figure  28.3,  which  shows  the 
analyses  to  lie  along  a water-control  line  with  a C/S  ratio  very  close 
to  that  of  the  1983  Kilauea  east-rift  gases  and  very  much  lower  than 
the  C/S  ratio  of  the  1919  Mauna  Loa  eruptive  gases  (see  above) 
Die  low  C/S  ratio  in  these  gases  has  been  attributed,  as  at  Kilauea, 
to  degassing  of  the  magma  during  storage  in  the  shallow  summit 
storage  reservoir  (Greenland,  chapter  30) 

There  is  no  obvious  difference  in  composition  or  apparent 
equilibrium  temperature  between  samples  collected  from  actively 
erupting  vents  and  those  from  feeder  vents  (table  28.9)  As  with 
Kilauea  (see  table  28.4)  apparent  equilibrium  temperatures  of 
samples  collected  at  magmatic  temperatures  ( — 1 . 1 00  °C)  are 
uniformly  lower  than  collection  temperatures,  whereas  samples  col- 
lected at  temperatures  below  900  °C  almost  always  have  apparent 
equilibrium  temperatures  that  are  higher  than  the  collection  tem- 
perature. This  result  indicates  that  quenching  of  the  high-tem- 
perature  flowthrough  collections  is  not  sufficiently  fast  to  prevent  gas 
reactions  down  to  ~ 1,000  °C.  The  similarity  of  apparent  equi- 
librium water  contents  of  samples  from  the  two  kinds  of  sites 
contrasts  with  the  observation  from  the  complete  analyses  (Green- 
land, chapter  30)  that  the  active  vents  have  a higher  total  water 
content  than  do  the  feeder  vents.  However,  estimating  equilibrated 
water  in  the  complete  analyses  yields  the  same  results  given  here  for 
the  partial  analyses  (Greenland,  chapter  30);  the  distinction 
between  total  and  equilibrated  water  was  attributed  to  non- 
equilibrium  degassing  of  the  erupting  magma. 
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Table  28.9. — Competition  of  gast*  from  Mama  Loo,  1984 

[—  *>  «^*I 


Dmr 

Thnpemure  (^C) 

CooKiruena  (mole  percent' 

Atomic 

roue* 

(OKVd) 

Collection 

Equilibrium 

H,0 

H, 

CO, 

CO 

SO, 

HjS 

IIS 

C/S 

Actively  erupting  vest* 

3/25 

1,075 

969 

54.713 

0.562 

6.754 

0.108 

36.124 

1.739 

3.012 

0.181 

3/26 

1,100 

1,016 

62.186 

.800 

5.635 

.127 

29.811 

1.442 

4.123 

.184 

3/26 

1,100 

975 

47.237 

,499 

8 324 

139 

42.079 

1.723 

2.258 

193 

3/26 

1,120 

955 

53.429 

.510 

6 5 .34 

094 

37.594 

1 839 

2.829 

168 

3/27 

1,100 

978 

63.592 

,683 

5.680 

.097 

28  400 

1.548 

4,396 

193 

3/27 

1.130 

981 

55.892 

.608 

7.480 

.130 

34.257 

1.632 

3.240 

.212 

3/30 

1.100 

903 

52.966 

.385 

8.922 

.084 

35.641 

2.003 

2.941 

239 

3/31 

1,100 

94] 

51.902 

.461 

7.672 

.098 

37.989 

1.877 

2.721 

.195 

4/02 

1,100 

1,098 

57.307 

1.055 

8.137 

.316 

32.010 

1.175 

3.5R8 

.255 

4/02 

1,100 

1,073 

58.389 

.965 

7,668 

.253 

31.478 

1.249 

3.704 

.242 

4/02 

837 

41.372 

.204 

9.987 

.052 

45  894 

2 491 

1.821 

.207 

4/05 

835 

944 

44.512 

.402 

8.520 

.112 

44.582 

1.873 

2.014 

186 

Feeder 

vents 

4/03 

1,100 

1,007 

51.039 

0.631 

8.819 

0.187 

37.790 

1.535 

2.706 

0.229 

403 

911 

48.799 

.369 

10.795 

.108 

38.005 

1.924 

2.559 

.273 

4 05 

1,010 

!,078 

71.865 

1.214 

4.309 

.147 

21.434 

1.031 

6.598 

.198 

4/05 

1,100 

1,097 

58.075 

1.063 

6.842 

.264 

32.541 

1.215 

3.576 

.211 

4/05 

895 

983 

50.474 

.555 

7.658 

.136 

39.487 

1.690 

2.561 

.189 

4/07 

880 

976 

51.350 

544 

7.412 

.124 

38,843 

1.726 

2.643 

186 

4'09 

875 

957 

49.212 

474 

8.574 

.124 

39.830 

1.785 

2.474 

209 

4/09 

875 

972 

51.808 

.540 

8.514 

.139 

37.312 

1,687 

2.771 

.222 

4/11 

840 

946 

49.270 

.450 

8.109 

.108 

40.204 

1.858 

2.452 

.195 

4/11 

840 

906 

56.669 

.417 

6.900 

.067 

33.922 

2.025 

3.289 

.194 

4/13 

820 

939 

48.468 

.427 

8.742 

.111 

40.381 

1.871 

2.403 

.210 

H 


FIGURE  28,3. — Ternary  H-C-S  plot  for  «a*  «.amplr»  from  1984  Mauni  Lx» 
eruption.  Data  from  table  28.9.  Dashr*  Mxbcalr  water-control  line*  foe  tpeciftc 
values  of  die  C/S  ratio.  Atomic  hydrogen  has  been  reduced  by  a factor  of  0. 3 to 
increase  clarity. 


CONCLUSIONS 

Compositions  of  Hawaian  eruptive  gas  are  summarized  in 
figure  28.4.  Plotted  ui  a ternary  H-C-S  diagram  are  averages  for 
the  1917,  1919,  1965,  September  1982,  and  1983  eruptions  of 
Kilauea,  and  the  initial  (best)  compositions  of  the  April  1982 
eruption  and  1981  intrusion  at  Kilauea,  and  averages  for  the  1919 
and  1984  eruptions  of  Mauna  Loa. 

It  is  apparent  from  figure  28.4  that  eruptive  gases  in  Hawaii 
predominantly  have  C/S  ratios  of  ~2.0  or  ~0.2;  exceptions  are  the 
1968  Halemaumau  Fountain  gas  (C/S  = 4.0)  and  the  1919  Mauna 
Loa  eruption  (C/S  = 0.9X  both  of  which  are  partkulady  uncertain 
determinations.  The  high  (2.0)  C/S  ratio  is  associated  with  pro- 
tracted summit  eruptions  of  Kilauea  and  the  low  (0.2)  ratio  is 
associated  with  rift  and  brief  summit  eruptions.  Current  degassing 
models  of  Kilauea  (Gerlach  and  Graeber,  1985;  Greenland  and 
others,  1985)  and  of  Mama  Loa  (Greenland,  chapter  30)  indicate 
that  mantle-derived  magma  arrives  in  shallow  (2-6  bn)  summit 
storage  reservoirs  bearing  an  immiscible  CC^-rich  fluid  phase  and 
having  an  overall  C/S  ratio  of  about  2.  Degassing  of  the  C02-rich 
fluid  phase  through  summit  fumaroles  is  rapid,  at  least  at  Kilauea 
I (days  to  weeks;  see  Greenland  and  others,  I985X  leaving  the 
magma  with  a C/S  ratio  of  about  0.2.  A consequence  of  this  view  is 
that  eruptive  gas  in  Hawaii  will  have  the  low  C/S  ratio  if  the  magma 
has  resided  even  briefly  in  the  summit  reservoir.  The  high  ratio  will 
be  found  only  when  magma  passes  directly  through  the  reservoir  to 


Digitized  by  Google 


28  HAWAIIAN  ERUPTIVE  GASES 


769 


H 


Q 1917  Kitiuu  summit  eruption 

O 1919  KiUum  summit  eruption 

A 1919  Mauna  Loa  eruption 

+ 1965  Kilauaa  east  nR  zona  eruption 

X 1968  Maiemsumau  fountain 

♦ 1981  Kilauaa  aouthwaat-rift-zona 

intrusion 

♦ April  1982  Kilauaa  summit  eruption 

X September  1982  Kilauaa 

summit  erupuon 

Z 1983  Kilauea  east  rift -zona  eruption 

Y 1 984  Maune  Loa  eruption 


Figure  28.4. — Summary  ternary  H-C-S  plot  of  Hawaiian  eruptive  gas  composi- 
tions from  1917  through  1984.  Dashes  indicate  water -control  lines  for  specific 
values  of  the  CVS  ratio.  Atomic  hydrogen  has  been  reduced  by  a factor  of  0. 5 to 
increase  clarity. 


the  eruption  center,  which  in  practical  terms  means  only  for  continu- 
ous summit  eruptions  that  are  lengthy  enough  to  flush  a passageway 
through  the  reservoir.  An  actual  suite  of  gas  samples  collected  from 
an  eruption,  however,  can  be  expected  to  exhibit  a considerable 
range  of  C/S  ratios  because  of  contamination  by  organic  matter  and 
by  revnobiiized  sulfur. 

THe  major  source  of  variation  in  these  eruptive  gases  within  a 
particular  eruption  is  the  water  content,  as  is  shown  by  figures 
28.1-28.3,  and  water  is  also  the  primary  distinguishing  variable 
between  eruptions,  as  indicated  by  figure  28.4.  Hydrogen  isotope 
studies  yield  convincing  evidence  that  magma  absorbs  crustal  water 
somewhere  between  its  formation  in  the  mantle  and  eruption  (Kyser 
and  O’Neil,  1984),  and  studies  of  submarine  basalt  (Moore,  1965) 
show  that  water  is  undersaturated  in  Hawaiian  magma  at  the 


pressure  and  temperature  conditions  of  the  summit  reservoir.  It  seems 
probable,  then,  that  much  of  the  water  variation  in  these  eruptive 
gases  is  due  to  varying  amounts  of  assimilation  of  water  by  magma  in 
transit  between  mantle  and  eruption  site.  A further  source  of  water 
variation  in  gas  samples  is  contamination  of  the  magmatic  gas  with 
meteoric  water  both  in  the  vent  system  and  from  the  atmosphere  at 
the  sampling  site;  this  problem  is  exacerbated  because  meteoric  water 
in  the  vent  system  may  be  equilibrated  with  the  magmatic  gas,  and  it 
is  possible  that  the  last  ex  solved  magmatic  water  may  be  collected 
before  equilibration  with  previously  otsolved  gas  is  complete  (Green- 
land, chapter  30X  It  may  be  that  variation  of  water  among  eruptions 
is  due  primarily  to  variable  assimilation  and  that  variation  within  an 
eruption  largely  reflects  meteoric  contamination,  but  only  hydrogen 
isotope  studies  can  resolve  this  problem. 

Studies  of  gas  composition  as  summarized  here  offer  no  direct 
information  about  the  actual  content  of  gas  in  the  magma,  which  is 
an  important  question  to  those  concerned  with  petrology  and 
eruptive  mechanics.  If  the  degassing  model  described  above  is 
correct,  however,  it  can  be  inferred  that  the  carbon  and  sulfur 
content  of  Hawaiian  summit-stored  magma  is  constant  and  is  fixed 
by  the  pressure  and  temperature  conditions  of  the  summit  reservoir; 
the  equilibrium  amounts  of  carbon  and  sulfur  dissolved  in  reservoir 
magma  have  been  estimated  (Gerlach  and  Graeber,  1985;  Green- 
land and  others,  1985)  as  about  0.03  percent  C02  and  0. 1 percent 
S by  weight.  The  water  content  of  summit-stored  magma,  which  is 
not  fixed  by  solubility  limits,  probably  varies  with  the  extent  of 
assimilation  of  crustal  water.  The  water  content  is  difficult  to  estimate 
because  of  uncertainties  about  meteoric  water  contamination  of  gas 
samples;  Greenland  and  others  (1985)  and  Gerlach  and  Graeber 
(1985)  independently  estimate  about  0.3  weight  percent  H20, 
which,  even  with  the  uncertainties,  probably  is  close  to  correct. 
Therefore,  excluding  protracted  summit  eruptions,  the  total  content 
of  volatiles  in  Hawaiian  erupbve  magma  probably  is  less  than  0.5 
percent  by  weight  and  probably  varies  little  from  eruption  to 
eruption. 
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SOz  AND  COz  EMISSION  RATES  AT  KILAUEA  VOLCANO,  1979-1984 

By  Thomas  J.  Casadevall,  J.  Barry  Stokes,  L.  Paul  Greenland,  Lawrence  L.  Malinconico,  John  R.  Casadevall, 

and  Bruce  T.  Furukawa 


ABSTRACT 

Quiescent  outguiing  of  the  summit  region  of  Kii&uea 
Volcano  produces  a plume  of  gas  and  particles  that  contains 
sulfur  dioxide  and  carbon  dioxide  as  principal  constituents.  The 
SOz  and  COz  are  derived  from  outgassing  of  magma  tem- 
porarily stored  in  the  shallow  reservoir  at  a depth  of  2—6  km 
beneath  the  summit. 

Since  June  1979  we  have  made  regular  measurements  of 
S02  emission  rates  from  Kilauea.  In  1983  and  1984,  measure- 
ments of  C02  emission  rates  were  also  made  for  Kilauesu  The 
average  daily  S02  emission  rate  from  1979  through  1982  was 
170±50  t'd;  from  1983—1984,  the  average  daily  emission  rate 
had  increased  to  260  ±90  t/d.  The  1979—1982  rate  occurred 
during  a time  when  no  major  eruptive  activity  occurred  at 
Kilauea  summit.  The  increase  in  1983  is  coincidental  with  the 
start  of  major  eruptive  activity  at  the  Puu  Oo  vent  on  the  east  rift 
zone  and  probably  reflects  an  increase  in  the  rate  of  magma 
supply. 

The  total  S02  production  in  1979-1982  is  calculated  at 
approximately  63,000  tonnes  annually.  In  1983-1984,  this 
annual  production  is  calculated  at  95,000  tonnes  annually.  The 
S02  from  quiescent  outgassing  of  Kilauea  Volcano  contributes 
less  than  1 percent  of  the  total  annual  global  contribution  from 
volcanoes.  The  1983-1984  episodes  of  the  Puu  Oo  eruption 
produced  about  370,000  tonnes  of  S02,  or  as  much  as  3 percent 
of  the  annual  volcanic  contribution. 

INTRODUCTION 

A plume  of  gas  and  microscopic  particles  continuously  enters 
the  atmosphere  from  fumaroles  in  the  southern  half  of  Kilauea 
caldera.  The  plume  is  generally  transparent  with  a light -bluish-gray 
color  due  to  scattering  of  light  by  tiny  particles.  It  contains  H20, 
C02,  and  S02  as  the  ma>or  gaseous  constituents  (Cadle  and  others, 
l%9,  1971;  Darzi.  1981;  Dam  and  Winchester,  1982c). 

In  this  paper  we  describe  the  techniques  used  to  measure  S02 
and  C02  emission  rates  at  Kilauea,  the  results  from  June  1979 
through  December  1984,  and  the  interpretation  of  the  data.  These 
measurements  form  a part  of  the  program  to  monitor  Kilauea 
Volcano  from  the  Hawaiian  Volcano  Observatory.  Their  purpose  is 
to  determine  the  long-term  emission  rates  for  S02  from  Kilauea;  to 
evaluate  the  usefulness  of  the  measurements  for  forecasting  eruptions; 
and  to  integrate  geochenuca)  observations  with  geophysical  and 
geologic  observations  of  activity  to  refine  our  understanding  of  how 
Kilauea  Volcano  works. 

We  will  show  that  ( I ) during  periods  of  relative  quiescence, 
Kilauea  emitted  a nearly  constant  flux  of  SG2;  (2)  during  the 
1983-1984  eruptions  at  Puu  Oo  on  Kilauea  s east  rift  zone,  the  rate 


of  S02  release  at  the  summit  doubled  and  has  remained  at  an 
elevated  level;  and  (3)  eruption  plumes  from  Kilauea  are  charac- 
terized by  increases  in  S02  of  about  two  orders  of  magnitude  over 
rates  of  non-eruptive  or  quiescent  degassing. 

BACKGROUND  AND  PREVIOUS  STUDIES 

The  principal  gases  released  from  fumaroles  at  Kilauea  are 
H20,  C02,  and  S02  (Heald  and  others,  1963;  Cadle  and  others, 
1969,  1971;  Gerlach,  I960;  Greenland,  1984;  Gcrlach  and 
Graeber,  1985;  Greenland  and  others,  1985).  The  SO,  is  inter- 
preted to  be  of  magmatic  origin  (Sakai  and  others.  I982)i  The 
summit  fumaroles  at  Halemaumau  Crater  and  along  the  1971  and 
1974  eruptive  fissures  are  the  most  notable  sources  of  S02  in  the 
summit  region  (Casadevall  and  Hazlett,  1983)  and  overly  a shallow 
magma  reservoir,  envisioned  as  a plexus  of  sills  and  dikes,  at  a depth 
of  2 to  6 km  (Fiske  and  Ktnoshita,  1969;  Ryan  and  others,  1981  ) 
Magma  is  fed  into  this  shallow  reservoir  from  a zone  of  generation  at 
a minimum  depth  of  60  km  (Eaton  and  Murata,  I960;  Wight, 
1984).  Prc-eruptive  degassing  of  magma  while  enroute  to  and 
temporarily  stored  in  the  shallow  reservoir  produces  a C02-rich  gas 
phase  (atomic  C/S  ratio  greater  than  10);  eruptive  degassing 
produces  a C02  rich  gas  phase  during  summit  eruptions  (atomic 
C/S  is  5 or  less)  (Gerlach  and  Graeber,  1985;  Greenland  and 
others,  1985)  An  S02-rich  gas  phase  (atomic  C/S  less  than  1)  is 
produced  during  rift  eruptions  from  a magma  which  had  already  lost 
much  of  its  C02  during  equilibration  at  the  pressure  conditions  of  the 
shallow  reservoir  (Greenland,  1984;  Gcrlach  and  Graeber,  1985) 

The  preeruption  content  of  sulfur  in  Hawaiian  magma  has 
been  determined  by  Harris  and  Anderson  (1983)  to  be  about 
1 ,300  ppm  based  on  examination  of  melt  inclusions  in  olivine 
phenocrysts.  Basalt  erupted  on  the  sea  floor  under  high  confining 
pressure  has  lost  some  sulfur,  but  still  contains  between  700  and 
1,000  ppm  (Moore  and  Fabbi,  1971;  Fomari  and  others,  1979) 
and  surface  flows  contain  from  50  to  200  ppm  (Moore  and  Fabbi, 
1971;  Swanson  and  Fabbi,  1973;  Sakai  and  others,  1982) 

The  continuous  loss  of  sulfur  during  noneruptivc  periods  to 
produce  the  volcanic  plume  is  due  largely  to  distillation  of  gas  from 
magma  as  it  reequilibrates  to  the  pressure  conditions  of  the  shallow- 
summit  reservoir  (Harris  and  Anderson,  1983;  Greenland  and 
others,  1985)  Greenland  and  others  (1985)  suggest  this  mechanism 
results  in  about  150  ppm  sulfur  loss,  while  Gerlach  and  Graeber 
(1985)  suggest  a loss  of  between  300  and  600  ppm  from  the  magma 
prior  to  eruption.  Magma  intruded  to  shallower  depths  in  the 
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summit  or  rift  zones  may  lose  additional  volatiles  ineluding  S02. 
Further  S02  loss  occurs  through  effervescence  of  the  basaltic  magma 
(Swanson  and  Fabbi,  1973;  Naughton  and  others,  1974;  Harris 
and  Anderson,  1983)  during  eruptions,  a process  which  decreases 
the  concentration  of  sulfur  by  approximately  600  ppm  (Moore  and 
Fabbi,  1 97 IX 
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ACTIVITY  OF  KILAUEA,  1979-1984 

Since  June  1979,  Kilauea  has  experienced  two  short-lived 
eruptions  in  the  summit  caldera  (April  and  September  1982X  a brief 
eruption  at  Pauahi  Crater  on  the  upper  east  rift  zone  (November 
I979X  a long-lived  eruption  in  the  middle  east  rift  zone  (January 
1983-March  I985X  and  13  intrusions  (table  29.  IX  Each  intrusion 

was  accompanied  by  ground  deformation  and  intense  seismic  activity 
that  included  discrete  earthquakes  and  harmonic  tremor  (Dvorak 
and  others,  1986X  Five  intrusions  were  also  accompanied  by  the 
release  of  heat  and  (or)  gases  at  the  ground  surface  in  the  area  of  the 
intrusion. 

METHODS.  UNCERTAINTIES,  AND 
ASSUMPTIONS 

SOz  emission  rates  have  been  measured  at  volcanoes  since 
1972  (Casadevall  and  others,  1981,  1984;  Stoiber  and  others, 
1983)  including  Kilauea  in  February  1975  (Stoiber  and  Malone, 
1975)  and  in  October  1978  (Stoiber  and  others.  I979X  Regular 
ground-based  measurements  of  S02  emission  rates  at  Kilauea  began 
in  June  1979.  Airborne  measurements  of  S02  and  C02  emission 
rates  of  the  non-eruptive  plume  at  Kilauea  caldera  and  the  eruption 
plume  at  the  Puu  Oo  began  in  December  1983. 

The  emission  rates  of  SO,  and  C02  are  calculated  by 
multiplying  the  plume  velocity  and  the  gas  concentration  in  a cross- 
sectional  profile  of  the  plume.  In  this  section  we  describe  the  methods 
and  uncertainties  for  the  measurements  of  wind  speed,  S02,  and 

co2. 


TABLE  29.1. — Summary  of  actkfitff.  Kilcmiea  Volcano:  /979-I964 

[5.  Mimmil  ER2L  wit  rift  cone:  5WRZ.  southwest  rill  rone.  1.  intrusion;  E.  eruption.  * 
ga»  and  (or)  heel  delected  at  ground  surface  above  intrusion,  n d . not  determine*' 
Intruded  volume  calculated  1mm  Uwekahuna  summit  till  (0  13  * 10*  m'  - 1 mien** 
dun)  Modified  from  Dzurisln  and  others  (19A4}J 


Duration 

(days) 

Location 

Erupted  volume 

Intruded  votunw 

Dale 

S 

ERZ  SWKZ 

(m  million  cubic  mrtmi 

1979 

May  29 

1 

1 

1-0 

Aug  12 
Nov  16 

1 

1 

1 

E 

0.4 

6 

1990 

Mar  2 

1 

1 

0 6-1.0 

Mar  10 

2-3 

53 

Aug  27 

1 

2.3 

Oct  22 

1 

6 

Nov  2 

1 

I 

2.0 

1981 

Ian  19 

2 

1 

nd 

Jan  24 

16 

1 

>8.0 

Jun  25 

1 

1 

16 

Aug  10 

2 

r 

35.0 

1982 

Apr  30 
jun  22 

3 

E 

r 

0.5 

14.1 

Sept  25 

2 

E 

3.0 

Dec  9 

1 

i 

1.0 

1983 

Jan  3 

800  + 

E 

360  + 

WIND  SPEED  MEASUREMENTS 

On  the  east  side  of  the  Island  of  Hawaii  northeasterly  trade- 
winds  travel  from  3 to  20  m/s.  These  winds  carry  the  plume  of  gas 
from  the  fumaroles  on  the  caldera  floor  out  into  the  southwest  rift 
zone  of  Kilauea  (fig.  29.  IX  During  winter  months  this  wind  pattern 
is  frequently  reversed  as  Kona  winds  blow  from  the  southwest.  We 
usually  assume  that  the  wind  speed  stays  constant  during  the  period 
of  measurement. 

For  ground  measurements  of  S02,  the  plume  velocity  is 
measured  at  U we  kahuna  Bluff  on  the  west  side  of  Kilauea  caldera 
(fig.  29.1)  using  a hand-held  anemometer.  Five  I -minute  measure- 
ments of  wind  velocity  are  taken  before  and  after  the  S02  measure- 
ments. The  average  of  the  before  and  after  wind  measurements  is 
used  to  calculate  the  S02  emission  rale. 

For  airborne  measurements  of  S02  and  C02,  we  rdy  pri- 
marily on  wind  direction  and  speed  determinations  made  twice  daily 
at  Hilo  Airport  by  the  NOAA  radiosonde.  These  are  checked 
dunng  flight.  When  possible,  we  compare  true  air  speed  of  the 
aircraft  determined  while  flying  in  the  plume  with  true  ground  speed 
measured  by  flying  a fixed  distance  (usually  10  miles)  both  with 
(tailwind)  and  against  (headwind)  the  wind.  The  difference  between 
the  true  ground  speed  and  true  air  speed  gives  the  wind  speed. 

The  uncertainty  in  the  measurement  of  wind  speed  is  typically 
between  10  and  30  percent.  This  measurement  is  the  largest  single 
source  of  uncertainty  in  measuring  the  rates  of  S02  and  co2 
emission. 
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S02  MEASUREMENTS 

The  emission  rate*  of  S02  are  measured  using  the  Correlation 
Spectrometer  (COSPEC;  Barringer  Research  Ltd.  of  Canada) 
originally  designed  for  use  in  pollution  studies  (Millan  and  others, 
1976;  Millan  and  Hoff,  1978)  and  adapted  to  the  study  of 
volcanoes  (Stoiber  and  others,  1983).  Correlation  spectrometry  is  a 
remote- sensing  technique  that  uses  solar  ultraviolet  light  scattered  by 
the  Earth’s  atmosphere  as  a source.  The  spectrally  tuned  instrument 
measures  the  amount  of  uv  absorption  by  SOz  present  along  the 
optical  path  through  the  plume  in  units  of  concentration-pathlength 
(ppnvm)  at  one  atmosphere.  Calibration  is  performed  using  an 
internal  standard  with  a known  concentration-pathlength  of  S02.  A 
cross-section  profile  of  the  plume  is  determined  by  multiplying  the 
plume  width  (m)  with  the  concentration-pathlength.  The  product  of 
this  profile  (ppm  mb2)  and  the  wind  speed  (m/s)  is  the  mass  flux 
(ppnvm*/*)  and  is  usually  expressed  as  tonnes  per  day  (*/dX 

Most  measurements  reported  here  were  made  with  the 
COSPEC  mounted  in  an  automobile  that  is  driven  at  a constant 
velocity  of  40  km/h  beneath  the  plume  as  it  passes  over  a road  that 
encircles  Kilauca  caldera  (fig.  29. IB)  An  S02  cross  section  of  the 
plume  is  continuously  recorded  on  a chart  recorder,  and  the  changes 
in  S02  pathlength  concentration  and  geographic  position  are 
recorded.  Four  to  six  traverses  can  be  made  beneath  the  plume  in 
about  one  hour.  The  techniques  for  airborne  measurements  are  the 
same  as  those  used  at  Mount  St.  Helens  (CasadevaJJ  and  others. 

1961} 

The  large  amounts  of  S02  and  the  enormous  size  of  the 
eruption  plumes  at  Kilauea  presented  added  problems  for  airborne 
measurements.  During  eruptions  in  1979,  1962.  1983,  and  1984, 
the  concentrations  of  S02  in  the  eruption  phones  exceeded  the 
measurable  capacity  using  the  COSPEC  technique  and  caused 
saturation  of  the  signal.  In  April  1984.  we  installed  a high 
concentration  S02  disc  and  calibration  cells  into  the  COSPEC  to 
permit  measurement  of  higher  concentrations  of  S02.  An  additional 
problem  is  that  the  large  plumes  produced  during  eruptions  of 
Kilauea  often  remain  dose  to  the  ground,  thereby  preventing  the 
aircraft  from  flying  completely  beneath  the  plume.  Thus,  many  of 
the  airborne  measurements  of  S02  emission  rales  of  eruption  plumes 
are  minimum  values. 

UNCERTAINTIES 

The  reported  emission  rate  of  S02  incorporates  uncertainties 
due  to  both  instrumental  factors  and  variations  from  natural  causes 
(Casadevall  and  others,  1981 ; Stoiber  and  others,  1983).  The  latter 
indude  real-time  variation  in  gas  emission,  short-term  (minutes  to 
hours)  variation  in  wind  speed,  and  changes  in  cloud  cover.  Esti- 
mated uncertainties  arising  from  operator  and  instrumental  factors 
include  uncertainty  in  the  instrument  calibration  (±5  percent); 
variation  in  speed  of  vehicle  used  to  measure  the  plume  ( it  10 
percent);  uncertainty  in  data  processing  (±5  percent);  and  uncer- 
tainty in  the  measurement  of  wind  speed  (±10-30  percent)  The 
effect  of  these  uncertainties  and  variations  on  the  reported  S02 
emission  rate  can  be  minimized  by  averaging  the  results  of  from  4 to 


20  traverses  each  day.  In  practice,  the  average  of  these  traverses, 
that  is  the  average  daily  emission  rate,  usually  has  an  uncertainty  of 
± 10  to  ±30  percent  of  the  reported  value. 


CO*  MEASUREMENTS 

The  emission  rates  of  C02  have  been  measured  within  the  non- 
eruptive  summit  plume  and  at  the  Puu  Oo  eruption  site  (Greenland 
and  others,  1983)  beginning  in  1983.  The  technique  uses  an 
infrared  spectrometer  that  is  flown  through  the  plume  at  successively 
higher  altitudes  while  the  concentration  of  C02  is  continuously 
measured  (Harris  and  others,  1981)  The  concentration  of  C02  in 
excess  of  the  background  atmospheric  C02  content  is  inferred  to  be 


ppm  (by  volume)  compared  to  an  average  atmospheric  con- 
centration of  approximately  320 ±20  ppm.  The  altitude-con- 
centration data  are  used  to  make  a map  of  excess  C02  concentration 
in  a cross  section  of  the  plume.  The  product  of  the  cross  section- 
concentration  (ppnvm2)  and  the  plume  velocity  (m/s)  gives  the 
emission  rate  of  C02  (ppm  m Vs)  and  is  reported  as  tonnes  per  day. 
Each  daily  value  represents  a single  cross  section  of  the  plume 
requiring  between  90  and  120  minutes  of  continuous  m-flight 
measurement. 

The  utility  of  the  C02  method  is  limited  by  the  practicality  of 
flying  repeatedly  through  a plume  that  is  usually  not  visible,  as  well 
as  by  the  threshold  emission  rate.  We  are  aided  in  tracking  the  plume 
by  simultaneously  using  the  COSPEC  to  measure  S02.  Experience 
at  Mount  St.  Helens  (Casadevall  and  others,  1981;  Harris  and 
others,  1981)  has  shown  that  S02  and  C02  are  usually  well  mixed 
in  the  plume  and  that  maximum  C02  concentration  is  typically 
coincident  with  maximum  S02  concentration. 

The  threshold  value  for  detecting  excess  C02  in  the  plume 
depends  on  the  wind  speed  and  dispersion  of  the  plume  and  the 
distance  from  the  source  at  which  measurements  are  made  (that  is, 
degree  of  air  dilution)  Excess  C02  of  less  than  2 ppm  is  difficult  to 
determine  accurately.  This  concentration  effectively  becomes  our 
threshold  value  for  detecting  excess  C02  in  the  plume;  in  practical 
terms,  emission  rates  of  less  than  1 ,000  t/d  are  difficult  to  measure. 
We  estimate  a maximum  uncertainty  in  these  measurements  of  ± 40 
percent  of  the  reported  value. 


DATA  QUALITY 

In  addition  to  real  changes  in  the  emission  rates  of  gases,  other 
factors,  both  natural  and  operator  related,  affect  the  quality  of  the 
data.  These  factors  include  changes  in  cloud  cover,  variation  in  wind 
speed  and  direction,  experience  of  the  operators,  and  instrumenta- 
tion. Operator  experience  is  important  both  in  making  the  measure- 
ments of  S02  and  wind  speed,  as  well  as  in  reduction  of  data. 
Judgment  must  be  used  to  evaluate  the  quality  of  a given  days 
measurement  conditions  and  in  interpreting  the  chart  records.  Judg- 
ment improves  with  practice  and  becomes  more  uniform  with 
experience.  Measurements  made  daily  or  at  least  several  times  each 
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week  provide  a more  reliable  indication  of  background  values  than 
measurements  made  only  weekly  or  less  frequently.  We  have  desig- 
nated  data  quality  as  good  if  the  frequency  of  measurement  was 
weekly  or  better  and  if  the  measurements  were  made  by  the  same 
experienced  operator.  Data  of  good  quality  include  the  summit 
measurements  from  June  1979  to  June  1980,  and  from  November 
1981  through  December  I9&4.  Data  of  poor  quality  are  those  which 
have  been  collected  infrequently  by  one  or  more  inexperienced 
operators.  The  data  collected  from  September  1980  through 
October  1981  are  generally  considered  to  be  of  poor  quality.  In 
addition,  during  many  of  the  airborne  measurements,  the  con- 
centration of  S02  exceeded  that  measurable  by  the  COSPEC. 
These  data  should  be  treated  with  caution  since  they  likely  represent 
minimum  rates  for  SO 2 emission. 

REMOVAL  OF  SO*  FROM  THE  PLUME 

We  have  assumed  that  the  S02  measured  in  the  plume 
accurately  represents  the  mass  of  sulfur  released  from  the  summit 
fumaroles.  We  recognize  that  while  enroutr  to  the  surface,  the  S02- 
beartng  gas  mixture  may  be  affected  by  a variety  of  conditions  and 


processes  that  reduce  the  amount  of  sulfur  reaching  the  fumaroles 
(Gerlach  and  Graeber,  1985).  Measurements  made  during  the 
season  of  heavy  rainfall  (December  through  March)  show  no 
significant  change  in  S02  emission  rate,  suggesting  that  removal  of 
S02.  at  least  by  the  shallow  ground- water  table,  is  probably 
minimal.  Eruption  plumes  do  not  appear  to  be  affected  by  subsur- 
face removal  of  S02  as  there  is  little  evidence  for  magma  ground 
water  interaction  during  eruption  (Greenland,  1984). 

S02  in  the  plume  may  be  removed  through  rainout  and  through 
dry  deposition.  Dry  deposition  occurs  onto  soil  and  vegetation  as 
well  as  onto  atmospheric  particles  such  as  sea  spray  and  tro- 
pospheric dust  (Darzi  and  Winchester.  1982a,  I982b)i  Direct 
deposition  of  S02  may  damage  vegetation  (Winner  and  Mooney. 
1980)  and  acidify  rainfall  (pH  = 3.0-4.0X  owing  to  scavenging  of 
SO,  by  ram  droplets  (Harding  and  Miller,  1982;  Russell,  1982) 
Sah  and  dust  particles  have  been  detected  at  the  summit  of  Kilauea 
(Woodcock,  1960;  Darri  and  Winchester,  l982bX  but  their  eft 
ciency  as  scavengers  of  S02  and  other  gases  is  unknown.  In  eruption 
plumes,  where  the  concentration  of  particles  is  higher  than  in  non 
eruptive  plumes,  scavenging  of  S02  by  tephra  particles  may  be 
significant  (Naught on  and  others,  1974;  Rose,  I977X 
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FIGURE  29. 1 . — CooUnoed. 


Some  SO;  in  the  plume  is  eventually  converted  to  sulfate; 
however,  studies  of  Kilauca  fume  by  Cadle  and  others  (1971) 
indicate  that  S02  dominates  over  other  oxidized  forms  of  sulfur. 
When  the  plumes  at  Kilauea  summit  and  at  Puu  Oo  were  measured, 
they  had  usually  been  in  the  atmosphere  for  less  than  a few  minutes; 
some  measurements  of  the  larger  Puu  Oo  eruptive  plumes  require 
flying  farther  downwind  where  plumes  may  be  as  much  as  I hour 
old.  This  time  is  short  as  compared  to  the  removal  rates  calculated 
from  study  of  industrial  plumes  (Roberts  and  Williams,  1979; 
Williams  and  others,  1981)  and  estimated  (Graedel,  1977;  Maahs, 
1983a;  Martin,  1983;  Barrie,  1985)  as  being  on  the  order  of  less 
than  about  I percent  S02  per  hour.  Removal  rates  increase  only 
slightly  with  humidity  and  with  acidity  of  the  wateT  droplets 
(Maahs,  1983b).  The  short-lived  (usually  lens  of  seconds)  con- 
densation cloud  at  Halemaumau  may  temporarily  absorb  some  S02 , 
but  as  the  condensate  evaporates  the  sulfur  is  probably  released  to 
the  atmosphere  as  S02  (Hegg  and  Hobbs,  I978)i 

RESULTS 

QUIESCENT  SUMMIT  EMISSIONS  OF  SO, 

The  average  daily  emission  rates  of  S02  from  June  1979 
through  December  1984  are  tabulated  in  table  29.2  and  all  data  are 
plotted  in  figure  29,2.  To  examine  these  data  for  trends  and 
changes,  we  have  applied  several  statistical  methods,  including 
analysis  of  variance,  multiple  range  test  (Dune an X and  regression 
analysis  with  step-wise  selection  of  data  to  determine  the  tuning  and 
magnitude  of  changes  in  SO>  emission  rates.  We  have  applied  these 


TABLE  29.2. — Summary  of  SO,  emission  rcMci  for  the  quteuenl  plume,  Kilauea 
1979-1964 

[Value*  given  in  tonne*,  per  day.  *■,  the  slope  (wHkmt  at  the  model,  B estimate  al  f.  R-\ 
percent  of  the  SOj  rmi\w>in  rale  explained  by  the  model.  Nl,  number  of  measurement',) 


Bmud 

Dun 

Daily  rale  cunIWenor  interval 
(mean)  lor  mean 

B 

R*’ 

1A 

June  1979  to  Mar  IS,  1980 

160  (N  120) 

151-169 

0 

ves 

18 

Mar  15  to  |un  1980(?) 

100  (N  = 23) 

75-120 

0 

yes 

2 

Sept  1980  to  Aug  11  NR1 

190  (N  = 43) 

162-210 

0 

Vr* 

3 

Aug  It  to  Dec  1^81 

300  (N- 13) 

265-326 

0 

yvs 

4 

Feb  1962  to  Jan  1963 

160  (N  - 34) 

100-  220 

0 

yes 

5 

Jan  1963  to  Dec  30.  1984 

260  (N  - 172) 

250-265 

+ 0 04 

no 

2.8 

tests  to  address  the  following  questions:  (I)  Is  it  possible  to  identify 
periods  during  which  S02  emission  rates  remained  relatively  con- 
stant? (2)  If  yes,  what  arc  the  mean  S02  emission  rates  during  those 
periods  and  are  there  statistically  significant  differences  between 
means  for  the  different  periods?  (3)  Which  means  are  different  and 
by  bow  much?  (4)  Are  there  significant  variations  within  periods 
which  might  not  be  apparent  from  visual  inspection  of  the  data?  We 
have  not  weighted  the  data  for  instrument -related  uncertainty,  owing 
mainly  to  the  difficulty  in  distinguishing  between  variation  due  to 
instrumental  or  operator  errors  and  variation  due  to  natural  causes. 

To  begin,  we  visually  inspected  the  data  of  figure  29.2  and 
selected  5 periods  during  which  emission  data  appeared  to  have 
remained  constant  and  calculated  the  mean  S02  emission  rate  for 
each  period.  These  periods  include:  (I)  June  1979-June  I960,  (2) 
September  1 980- mid- August  1981,  (3)  mid-August  1981- 
Decembcr  1981,  (4)  February  1982 -January  1983,  and  (5)  late- 
January  1 983  - December  1984.  Using  the  analysis  of  variance,  we 
tested  the  null  hypothesis  (H0)  that  the  means  for  periods  1 , 2,  3,  4, 
and  5 are  the  same  (H0=  u(  = u2  = u}  = u4  = u^  versus  H,  such 
that  at  least  one  pair  u,  is  not  equal  to  Uj)  where  u-  is  the  mean  S02 
flux  for  period  j.  The  test  statistic  (F-ratio)  is  highly  significant 
(50.48X  and  we  may  conclude  that  the  means  are  not  all  identical. 
Table  29.2  contains  a summary  of  the  analysis  of  variance  for  the 
five  phases  including  the  means  of  the  data  and  the  95  percent 
confidence  intervals. 

To  examine  if  the  data  within  each  period  are  constant  within 
the  95  percent  confidence  limits,  we  performed  a regression  analysis 
using  the  least -squares  method  to  test  the  regression  model: 

Yt  = a + bx . 

where  Yf  is  the  S02  flux  and  x(  is  the  number  of  days  since 
December  31 , 1978.  The  coefficient  a is  of  no  particular  use  in  this 
application  since  the  origin  is  arbitrary.  Hie  important  test  statistics 
are  B (the  estimate  of  6,  the  slope  coefficient  of  the  model)  and  R2 
(the  proportion  of  the  S02  flux  explained  by  the  model).  The 
analysis  of  variance  (table  29.2)  for  each  period  tests  the  hypothesis 
that  b — 0.  which  indicates  that  the  slope  of  a least-squares  line  is 
flat.  In  the  initial  test  for  periods  1 and  5,  b was  not  equal  to  0, 
indicating  that  there  are  trends  to  the  data  for  these  periods. 
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Figure  29.2. — S02  «nu»oa  rale  data  obtained  from  COS  PEC  for  Kiloue*  Mimmrt  area,  1 979- 1 954  Rencxb  I A-5  »ep*r  aird  by  heavy  black  lam 


However,  the  high  R2  value  and  negative  sign  for  B ( — 0. 1 7)  for 
period  I indicates  that  the  trends  in  the  data  for  this  period  are  not 
smooth,  but  may  be  due  instead  to  an  abrupt  decrease  in  the  S02 
emission  rate. 

By  applying  an  iterative  procedure  using  step-wise  selection  of 
data,  we  find  that  a significant  decrease  in  S02  emission  rales  in 
period  I occurred  in  mid-March  1980.  On  the  basis  of  this  test  we 
have  subdivided  period  I into  I A and  1 B with  the  break  occurring 
in  mid-March  1980.  The  mean  for  period  I A (to  mid-March 
I960)  is  160  t/d;  the  mean  for  period  I B (after  mid-March  1980)  is 
only  100  l/d.  Regression  analyses  show  that  b for  periods  I A and 
I B equals  0.  indicating  that  the  trends  for  these  two  subsets  of  the 
data  are  flat. 

We  used  the  multiple  range  test  (Duncan)  to  identify  if  the 
mean  emission  rates  are  significantly  different  from  one  another. 
Period  I B has  the  lowest  mean  and  is  significantly  different  from 
means  for  all  the  other  penods  at  the  0.05  level.  Periods  I A,  2,  and 
4 are  not  significantly  different  from  each  other  at  the  0.05  level. 
Periods  3 and  5 have  the  highest  means,  but  are  not  significantly 
different  from  one  another  at  the  0.05  level. 

Lack  of  measurements  for  part  of  the  second  half  of  1980 
prevent  us  from  determining  whether  the  transition  from  period  I B 


to  period  2 is  abrupt  or  gradual.  For  period  5,  the  slope  of  the 
regression  equation  is  slightly  positive  with  a low  value  of  B 
indicating  that  the  data  fit  a trend  of  slight  increase  in  S02, 
equivalent  to  about  0.05  t/d. 

SO,  EMISSION  RATES  DURING  SUMMIT  AND  UPPER  EAST 
RIFT  ZONE  ERUPTIONS 

On  April  30,  1982,  a summit  eruption  lasted  for  19  hours  and 
produced  about  0.5XI06  m*  of  lava  from  an  eruption  fissure 
located  northeast  of  Halemaumau  Crater  on  the  floor  of  Kilauea 
caldera.  A peak  emission  rate  of  1 , 1 50  t/d  was  measured  during  the 
middle  of  the  eruption,  and  rates  dropped  to  pre-emption  values 
quickly  after  activity  ceased.  On  September  25,  1982,  another 
summit  eruption  began  at  about  1900  (H.s.t.)  and  was  over  by  the 
next  morning  after  the  eruption  of  about  3.0  X I06  mJ  of  lava.  The 
September  eruption  took  place  at  night  from  vents  located  south  of 
the  Crater  Rim  Road,  so  COSPEC  measurements  were  not 
possible.  In  contrast  to  the  August  1971  and  the  July  1974  eruption 
fissures,  which  host  prominent  solfataras  within  the  caldera,  both 
1982  eruptive  fissures  quickly  cooled  to  ambient  temperature  and 
erased  emitting  sulfur  gases  at  the  end  of  eruptive  activity. 
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MARCH  APRIL 

1980 

FIGURE  29.3. — S02  emiswoa  rate*  following  Mauna  Ulu  intruwon,  March- April 
I960 


In  November  1979,  a 22 -Hour-long  eruption  occurred  from 
vents  east  and  west  of,  as  well  as  within  Pauahi  Crater  (fig.  29. 1 A) 
and  approximately  3.5  X I06  m}  of  lava  was  erupted.  COSPEC 
measurements  were  possible  only  during  the  first  several  Hours  of  the 
eruption,  before  tHe  Chain  of  Craters  Road  was  closed  by  a lava 
flow,  and  an  emission  rate  of  700  t/d  of  SOz  was  measured  for  the 
vent  within  Pauahi  Crater.  The  1979  fissures  ceased  emitting  sulfur 
gases  at  the  end  of  eruptive  activity. 

THE  MARCH  10-12,  1960,  INTRUSION 

On  March  2 and  10-12,  1980,  two  intrusions  into  the  upper 
east  rift  zone  of  Kilauea  (fig.  29. 1 A)  between  Pauahi  Crater  and 
Mauna  Ulu  were  followed  within  minutes  by  deflation  of  the  summit 
region.  No  lava  was  observed  during  these  events;  however,  field 
studies  in  1982  discovered  a small  volume  (about  I m})  of  fresh  lava 
at  770  m elevation  along  the  southeast  end  of  the  March  1 2 fracture 
(R.  Moore,  oral  conunun.,  1982) 

The  March  10-12  intrusion  released  large  amounts  of  C02 
and  S02  from  the  summit  crater  of  the  Mauna  Ulu  shield  and  from 
a 300-m-long  N.  60°  E.  fracture  set  located  between  Mauna  Ulu 
and  Kane  Nui  o Hamo  (fig.  29.1  A)  The  fractures  were  quickly 
coated  by  elemental  sulfur  and  fumed  heavily  for  several  days.  The 
maximum  temperature  of  the  gas  coming  from  the  cracks  was  98  °C. 
S02  emission  rales  from  March  II  to  19  decreased  from  approx- 
imately 520  to  100  t/d,  and  within  30  days  emission  rates  weTe  less 
than  3 l/d  (fig.  29.3)  Approximately  3,000  tonnes  of  S02  was 
produced  from  March  1 1 through  April. 

S02  AND  C02  EMISSIONS:  AIRBORNE  MEASUREMENTS: 
1983-1964 

Airborne  measurements  of  S02  and  C02  emission  rales  were 
made  for  eruption  and  intra-eruptive  plumes  at  Puu  Oo  and  for  non- 
eruptive  plumes  at  Kilauea  caldera  beginning  in  1983  (table  29.3) 
The  plumes  from  the  eruptive  episodes  of  Puu  Oo  are  enormous  in  | 
terms  of  S02  burden  and  physical  size.  The  high  concentration  of 


Table  29.3. — Emotion  rota  of  SOg  and  CO?  during  Puu  Oo  eruption 
episodes:  1983-1964 

[...  no  <L»U,  n.d,  not  determined! 


PhlM 

Duration 

(Hr) 

iMr 

SO, 

•CO, 

Lava  volume 

(m1* 

Rate 

(rr^.'hr) 

(to«uicv' day) 

1983 

6 

73 

Jul  24 

24.000  ±4,700 

9.4 

0.13 

7 

56 

15,700  * 4,200 

10.2 

18 

7 

56 

Aur  17 

17.500  ±5.500 

n.d. 

n.d. 

8 

24 

Sept  6 

6.700*  1,800 

7.0 

.29 

9 

52 

Sept  16 

17,600  ±10,300 

— 

8.7 

.17 

1984 

14 

19 

Ian  31 

11,800  t 4,300 

5.9 

*0.31 

15 

19 

Feb  15 

*27,000 

‘4.700 

8.6 

.42 

16 

31 

Mar  4 

3 18,000 

'3.200 

11.8 

.37 

17 

22 

Mar  30 

5, 100  ±3. 100 

9.6 

J 46 

21 

8 

Jun  30 

28,000  ±6,200 

5.7 

* .71 

28 

15 

Dec  4 

32,000  ± 10,400 

— 

n.d. 

3 85 

1 From  CrrenUnd  and  others  11985). 

‘Calculated  values  (see  Greenland  and  others.  1985). 
^Calculated  from  HVO  monthly  reports. 


S02  saturated  the  COSPEC  signal,  and  plume  widths  often 
otceeded  50  km. 

The  episodes  of  the  Puu  Oo  eruption  have  been  well  docu- 
mented (Wolfe  and  others,  chapter  17)  including  accurate  measure- 
ments of  erupted  volumes  and  rates  of  lava  production  (table  29. 3) 
Emission  rates  of  S02  were  measured  during  8 eruptive  episodes  (6, 
7,  8,  9,  14,  17,  21,  and  28)  of  Puu  Oo  in  1983-1984;  these  rates 
range  from  5, 100  to  32,000  t/d  (table  29.3)  Rates  for  episodes  1 5 
and  16  have  been  calculated  from  C02  flux  measurements  and 
fumarole  gas  composition  (Greenland  and  others,  1985)  The 
uncertainty  in  these  measurements  ranges  from  1 5 to  40  percent  of 
the  reported  values. 

Between  eruptive  episodes  at  Puu  Oo,  gas  is  emitted  continu- 
ously. On  December  2,  1983,  24  hours  after  the  end  of  phase  12, 
the  SO?  emission  rates  averaged  260  t/d;  a week  later  the  emission 
rates  were  20  t/d.  The  C02  emission  rates  at  Puu  Oo  were  below 
the  level  of  detection  (less  than  800-1 ,000  t/d)  on  both  December  2 
and  9.  These  data  are  consistent  with  gas  sampling  from  the  Puu 
Oo  vent  and  with  airborne  measurements  of  eruptive  plumes  that 
indicate  the  C02/S02  ratio  has  been  less  than  1 (Greenland,  1984; 
Greenland  and  others,  1985) 

On  December  9,  1983,  the  emission  rate  of  S02  in  the  summit 
region  was  300  ± 30  t/d;  the  emission  rate  for  C02  was  3,600  t/d. 
On  February  1 3,  1 984  the  emission  rates  for  S02  and  C02  were 
220  and  1,600  t/d,  respectively  (Greenland  and  others,  1985) 
These  airborne  measurements  indicate  a C02/S02  ratio  greater 
than  5,  in  general  agreement  with  measurements  of  fumaroles  in  the 
summit  region. 

DISCUSSION  AND  INTERPRETATION 

RATES  OF  SO,  EMISSION:  NON-ERUPTIVE  PLUME 

The  statistical  analysis  of  the  COSPEC  data  for  1979-1984 
reveals  that  levels  of  S02  release  remain  relatively  constant  for 
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periods  of  months  to  years.  Changes  in  the  S02  flux  generally 
correlate  with  other  events  at  Kilauea  such  as  eruptions  or  intrusions. 
We  suggest  that  rates  of  SO 2 emissions,  and  changes  in  those  rates, 
closely  reflect  magmatic  processes  at  Kilauea.  The  relatively  con- 
stant rates  of  S02  emission  during  periods  I A (before  mid- March 
I980X  3 (from  August  through  December  1981),  and  4 (February 
1982  through  January  1983)  reflect  the  steady  supply  of  magma  to 
the  shallow  reservoir.  The  intrusions  of  magma  into  the  upper  east 
rift  zone  in  March  I960  apparently  diverted  some  magma  out  of  the 
shallow  reservoir  and  caused  a 33  percent  decrease  in  the  rate  of 
S02  emission  from  the  summit  region.  In  contrast,  the  southwest  rift 
zone  intrusion  of  August  1981  was  followed  by  an  increase  in  S02 
emission  rates  (period  3X  reflecting  a temporary  increase  in  the  rate 
of  magma  supply  as  indicated  by  rapid  reinflation  of  the  summit 
chamber  (Dvorak  and  others,  1986).  Another  rapid  increase  in  the 
emission  rate  starting  in  January  1983  (period  5)  occurred  coinci- 
dcntly  with  an  increase  in  magma  supply  rate  that  began  with  the 
F\iu  Oo  eruption  (Wolfe  and  others,  chapter  17;  Greenland  and 
others.  1985) 

For  the  period  1976-1982,  magma  was  supplied  to  the 
shallow  reservoir  at  about  5.6 x 106  m3/mo  (Dzurisin  and  others, 
I984X  and  at  12  X I06  mVmo  for  the  period  1983-1984  (chapter 
17X  From  the  mean  rate  of  S02  emission  from  1979-1982,  we 
calculate  that  between  1 30  and  400  ppm  sulfur  were  released  by  the 
magma  stored  in  the  shallow  reservoir.  A similar  amount  of  sulfur 
was  released  during  1983-1984  using  the  higher  rates  of  magma 
supply  (Wolfe  and  others,  chapter  17)  and  higher  rates  of  S02 
emission.  This  calculation  suggests  that  about  10  to  30  percent  of  the 
1,300  ppm  sulfur  (Harris  and  Anderson,  1983)  initially  dissolved 
in  the  parental  melt  is  released  to  provide  the  daily  rates  of  SO, 
measured  in  the  non-eruptive  plumes. 

We  noted  earlier  that  distillation  of  magma  as  it  re-equilibrates 
in  the  shallow  reservoir  may  account  for  a sulfur  loss  of  between  1 50 
ppm  (Greenland  and  others,  1985)  and  from  300  to  600  ppm 
(Gerlach  and  Graeber,  1985)  prior  to  eruption.  Thus,  though  some 
overlap  exists  in  the  amount  of  sulfur  lost  as  determined  from  magma 
supply  rates  and  S02  emission  rates  (150-400  ppm)  as  compared 
to  the  range  of  sulfur  ocpected,  the  quantity  of  sulfur  detected  at  the 
surface  is  apparently  less  than  the  amount  of  sulfur  actually  released 
from  the  magma.  Gerlach  and  Graeber  (1985)  suggest  that  some 
S02  may  be  prevented  from  reaching  the  surface  due  to  removal  in 
the  hydrothermal  alteration  of  the  volcanic  pile  or  reaction  with  the  j 
deep  hydrothermal  brine,  or  it  may  be  lost  by  separation  of  an 
immiscible  sulfide  melt  during  summit  storage. 

To  discuss  this  problem  more  thoroughly,  we  need  ( I ) to  know 
more  about  the  nature  of  the  hydrothermal  system  postulated  to 
overly  the  shallow  magma  reservoir.  (2)  more  careful  study  of  the 
volatile  contents  of  intrusive  bodies,  and  (3)  additional  study  of  melt 
inclusions  to  determine  more  precisely  the  primary  sulfur  content  in 
Hawaiian  basaltic  magmas. 

MAUNA  ULU  INTRUSION.  MARCH  10-12.  1980 
Hie  fate  of  the  sulfur  remaining  in  the  magma  after  its  partial 


distillation  in  the  shallow  reservoir  depends  on  its  subsequent  history 
For  the  period  1956-1983,  Dzurisin  and  others  (1984)  have  shown 
that  approximately  65  percent  of  the  magma  supplied  to  the  shallow, 
reservoir  was  stored  through  intrusion  into  the  summit  and  rift  zones 
of  the  volcano;  approximately  35  percent  was  erupted.  Only  the 
extruded  volume  is  largely  out  gassed  of  sulfur,  whereas  the  intruded 
magma  is  less  completely  outga&sed. 

If  intrusion  is  sufficiently  shallow,  further  gas  loss  may  be  quite 
efficient.  The  initially  large  flux  and  subsequent  rapid  decrease  in 
SC2  emission  rates  which  followed  the  intrusion  near  Mauna  Ulu  in 
mid-March  I960  is  interpreted  to  reflect  the  pattern  of  outgassing  of 
a portion  of  magma  following  its  intrusion  to  a shallow  depth.  The 
SO 2 emission  rates  at  the  summit  decreased  significantly  after  this 
intrusion  and  remained  low  for  at  least  three  months.  The  volume  of 
intruded  magma  estimated  from  the  net  summit  deflation  ( 1 6 micro 
radians)  during  the  event  is  approximately  5.2  X 1 06  m3  (that  is 
0.33  million  m3  per  microradian;  Dzurisin  and  others,  1984) 
Assuming  efficient  degassing  of  2.2  kg/m3  of  sulfur  (loss  of  800 
ppm  S;  p = 2.8  g/cm3X  the  3,000  tonnes  of  S02  released  during 
this  event  require  a magma  volume  of  1.4  X 1 06  m\  However, 
overburden  pressures  require  greater  solubility  of  sulfur  in  the  meh, 
thus  only  about  30  percent  of  the  dissolved  sulfur  m the  reservoir- 
equilibrated  magma  would  have  had  to  escape  to  produce  the  SO, 
emissions  of  this  event. 

SO*  FROM  KILAUEA— ANNUAL  BUDGET  AND  GLOBAL 
IMPACT 

From  the  averaged  monthly  emission  rates  for  S02  (table 
29.2)  we  have  calculated  the  average  annual  emission  rales  of  S02 
from  quiescent  outgassing  of  Kilauea  from  1979-1984.  These  are: 
1979,  58,500±l5,000t/yr;  1980,  52,000 ± 1 5,000 t/yr;  1981, 
83,000±  30,000t/yr;  1982.  58,500 ± 18,000 t/yr;  1983. 
95,000 ±33, 000 t/yr;  and  1984.  95,000  ±3 3, 000 t/yr.  The 

global  anthropogenic  contribution  of  S02  to  the  atmosphere  is 
estimated  at  between  I00X  I06  t/yr  (Likens,  1979;  Cadle,  1980) 
and  I50x  I06  t/yr  (Berresheim  and  Jaeschke,  1983X  The  global 
volcanic  contribution  is  estimated  to  be  15  X I06  t/yr  (Berresheim 
and  Jaeschke.  1983)  with  the  majority  coming  from  a few  large 
eruptive  events.  The  contribution  of  S02  from  quiescent  outgassing 
of  Kilauea  contributes  less  than  I percent  of  the  annual  global 
contribution  from  volcanoes. 

The  1983-1984  eruptions  of  Puu  Oo  produced  about 
0.37  x I06  t/yr  of  S02  (calculated  from  the  1983-1984  total 
erupted  magma  of  307  X 1 06  m3,  corrected  to  dense  rock  equiv- 
alent, or  DRE,  using  a 20  percent  vesiculanty  correction,  and 
estimated  to  release  3 kg  of  S02  per  cubic  meter  of  DRE  lava)  and 
may  have  contributed  as  much  as  3 percent  of  the  annual  volcanic 
contribution.  Though  the  individual  eruptive  episodes  of  Puu  Oo 
contributed  large  amounts  of  S02  to  the  atmosphere,  these  emissions 
were  confined  to  the  lower  troposphere,  and  eruptions  seldom 
continued  for  longer  than  72  hours.  The  local  impact  of  such 
emissions  on  vegetation  and  rainfall  chemistry  may  be  dramatic 
(Winner  and  Mooney,  1980);  however,  their  global  impact  remains 
small. 
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ERUPTION  PREDICTION  USING  EMISSION  RATE  DATA 

At  Asama  Volcano,  Japan,  Noguchi  and  Kamiya  (1963) 
demonstrated  that  the  amounts  of  sulfur  gas  emitted  by  the  volcano 
increased  prior  to  aplosive  eruptions.  At  Mount  Etna,  large 
increases  in  the  rate  of  S02  emission  were  observed  before  each  of 
two  Strorabolian  eruptions  in  1977  (Maiinconico,  1979).  At  Mount 
St.  Helens,  increases  in  S02  emission  rates  were  noted  two  to  four 
weeks  prior  to  2 of  12  eruptions  between  1981  and  1983  (Cas- 
adevall  and  others,  19833  These  studies  indicate  that  increases  in 
S02  emission  rates  precede  some,  but  not  necessarily  all,  types  of 
eruptive  activity. 

From  experience  with  emission-rate  data  at  Mount  St.  Helens, 
Casadevall  and  others  (1963)  note  that  confidence  in  using  the  data 
for  prediction  of  activity  increases  with  the  frequency  and  regularity 
of  measurements.  We  have  scrutinized  the  present  data  for  Kilauea 
and  find  no  hindsight  indication  of  pending  activity.  If  such  increases 
happen  only  days  or  hours  before  activity,  it  is  unlikely  that  we 
would  recognize  them  using  the  frequency  of  measurements  made 
during  1979-1984. 

Measurements  of  S02  and  C02  emission  rates  require  consid- 
erable investments  of  time  and  effort,  and  the  present  techniques 
simply  are  not  practical  for  making  continuous  measurements. 
Different  methods  of  measurement,  as  well  as  more  careful  integra- 
tion of  geochemical  data  with  other  geophysical  measurements,  are 
necessary  if  we  hope  to  use  emission  rales  to  improve  our  abilities  to 
predict  impending  activity. 
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COMPOSITION  OF  GASES  FROM  THE  1984  ERUPTION  OF 
MAUNA  LOA  VOLCANO 

By  L.  Paul  Greenland 


ABSTRACT 

The  March- April  1984  eruption  of  Mauna  Loa  Volcano 
provided  an  excellent  opportunity  for  sampling  eruptive  gates. 
These  Mauna  Loa  gates  are  similar  to  those  from  adjacent 
Kilauea  Volcano,  but  they  have  less  Sater  and  halogens  relative 
to  sulfur  than  Kilauea  gases.  The  very  low  atomic  C/S  ratio  (0,2, 
as  at  Kilauea)  is  attributed  to  pre- eruption  degassing  of  the 
magma  during  storage  in  Mauna  Loa's  shallow  (3—4  km)  sum- 
mit reservoir.  Thermodynamic  calculations  show  that  most  of 
these  samples  contain  excess  water  above  that  required  for 
equilibrium  with  other  species.  It  is  suggested  that  the  excess 
water  in  these  analyses  is  not  a meteoric  contaminant  but  is 
magmatic  water  which  has  not  equilibrated  with  the  other  gases 
because  of  the  rapid  rate  of  rise  of  the  magma  in  the  vent 
system. 


INTRODUCTION 

A flank  eruption  of  Mauna  Loa  Volcano,  Hawaii,  began  on 
March  25,  1984,  and  ended  by  April  14.  The  eruption  began  in 
the  summit  caldera  and  extended  about  3 km  down  the  southwest  rift 
zone  and  about  19  km  down  the  northeast  rift  zone.  By  0930 
Hawaiian  standard  time  (H.s.t.)  of  March  25,  fountainmg  was 
restricted  to  a 21-km-long  curtain  of  fire  between  about  3,400-m 
and  3,470-tn  elevation  on  the  northeast  rift  zone;  by  0640  H.s.t. 
the  next  day,  activity  had  ceased  at  these  vents  accept  for  profuse 
fume  emission,  which  continued  through  May  5.  As  eruptive 
activity  at  these  vents  waned,  new  vents  opened  downnft  at  about 
2,800-m  elevation;  these  vents  were  active  along  a 500-m  segment  of 
the  fissure  until  April  14.  A preliminary  summary  of  geologic, 
deformational,  and  seismic  studies  of  this  eruption  may  be  found  in 
Lockwood  (1984). 

Many  of  the  vents  in  the  active  area  of  the  fissure  at  2,800-m 
elevation  were  fully  productive  only  intermittently,  having  long 
intervals  of  only  low-level  spatter  activity  and  occasional  small  lava 
flows  overflowing  the  vent.  These  provided  nearly  ideal  sites  for 
sampling  gases.  Continued  eruptive  activity  made  these  sites  inac- 
cessible after  Apnl  5,  and  gas  sampling  was  then  restricted  to  the 
fuming,  noneruptive  vents  above  3,400  m.  Gases  emitted  by  the 
noneruptive  vents  originated  from  magma  in  the  feeder  dike  as  it 
passed  through  the  conduit  system  to  be  erupted  downrift.  This 
paper  reports  the  results  of  gas  collections  made  in  these  two  areas. 
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EXPERIMENTAL  METHODS 

SAMPLING  SITES 

Two  classes  of  sampling  sites  will  be  distinguished  in  this 
paper;  “active"  sites  are  those  where  gas  samples  were  taken  from, 
or  immediately  adjacent  to,  vents  actively  emitting  spatter,  fountains, 
and  (or)  lava  flows;  “feeder"  sites  were  at  postern ptive  vents  through 
which  the  magma  was  degassing  as  it  flowed  through  the  conduit  to 
the  actively  erupting  vents.  After  March  25,  the  active  sites  were 
located  at  2,800-m  to  3,000-m  elevation,  while  the  feeder  sites  were 
in  the  area  of  3,400-m  elevation.  Only  active  sites  were  sampled 
until  April  3;  these  then  became  generally  inaccessible,  and  subse- 
quently attention  was  concentrated  on  the  feeder  sites. 


SAMPLING  TECHNIQUE 

Gas  samples  were  collected  through  lead-in  tubes  using  evacu- 
ated bottles  as  described  elsewhere  (Greenland,  1984).  Lead-in 
tubes  used  at  various  times  were  lengths  of  titanium,  stainless  steel, 
quartz,  or  mullite  tubing  1-2  m long  and  1-4  cm  in  diameter;  they 
were  inserted  up  to  two-thirds  of  their  length  into  the  vent  and  left 
for  several  minutes  m order  for  the  natural  gas  flow  to  flush  out  air. 
At  the  active  vents,  the  entrance  of  the  tube  was  always  within  a 
meter  or  so  of  molten  magma  and  often  within  centimeters.  When 
first  used,  metal  tubes  were  inserted  in  a vent  for  as  long  as  30  min  to 
develop  corrosion;  no  samples  were  taken  dunng  this  conditioning 
process.  Experience  in  Hawaii  has  shown  that  1-2  min  of  flushing  is 
adequate,  while  more  than  10-15  min  of  flushing  of  stainless  steel  or 
titanium  at  temperatures  above  1 ,000  °C  results  in  samples  having 
increased  H2  content;  all  samples  reported  here  were  collected 
within  5 minutes  of  tube  insertion  when  stainless  steel  or  titanium  was 
used.  Quartz  or  mullite  tubes  are  much  less  reactive  than  the  metal 
ones,  but  they  are  discouragingly  fragile  under  rough  field  condi- 
tions. With  the  sampling  technique  used  here,  there  appears  to  be  no 
difference  in  sample  composition  related  to  composition  of  lead-in 
tube. 

781 


U^S.  Geological  Survey  Professional  Paper  1350 


Digitized  by  Google 


782 


VOLCANtSM  IN  HAWAII 


The  evacuated  bottles  used  for  gas  collection  were  similar  to 
those  described  by  Giggenbach  (1975)  but  contained  a different 
aqueous  solution.  Piccardi  and  Cellini- Legittimo  (1983)  discussed 
the  advantages  of  a Cd  solution  for  separating  H2S,  and  T.M. 
Gerlach  (oral  commun.,  1983)  suggested  replacing  caustic  solutions 
with  NH4OH.  (Subsequently,  Gerlach  has  returned  to  caustic 
solutions).  The  present  collections  were  made  with  bottles  containing 
25-45  mL  of  3Af  NH4OH-O.IAf  NH4CH3CO2-0  04M 

CdO.  Gas  collections  were  made  by  covering  the  out  of  the  lead-in 
tube  with  a metal  washer  to  reduce  air  contamination,  inserting  the 
stem  (2-4  cm)  of  the  inverted  bottle,  and  opening  the  stopcock 
allowing  the  gases  to  bubble  through  the  ammonia  solution;  H2S 
was  immediately  precipitated  as  CdS,  the  acid  gases  were  absorbed 
in  the  aqueous  solution,  and  H2  and  CO  passed  into  the  headspace. 

Temperatures  were  measured  with  a chromd-alumel  ther- 
mocouple. Because  of  the  difficult  conditions,  measured  tem- 
peratures at  the  active  vents  may  be  as  much  as  25-50  °C  lower 
than  actual  temperatures. 

Extreme  precautions  to  exclude  air  from  the  samples  were  not 
taken.  An  abundance  of  experiments  made  in  Hawaii  have  shown 
that  gas  collections  made  in  this  way  arc  stable  for  4-6  h even  with 
95  percent  air  in  the  sample;  left  overnight  for  analysis,  however, 
such  gas  samples  usually  become  oxidized.  Because  of  the  proximity 
of  laboratory  facilities  and  the  availability  of  helicopter  transport,  it 
usually  was  possible  to  complete  the  gas  chromatography  analyses 
within  5 h of  collection;  on  the  few  occasions  when  this  was  not 
possible,  the  samples  were  discarded.  The  aqueous  solutions  of  the 
acid  gases  are  unaffected  by  air  contamination  except  for  the  possible 
oxidation  of  S032~  to  S042-;  all  S in  these  solutions  was 
calculated  as  S02,  and  these  analyses  could  be  performed  at  leisure. 

GAS  CHROMATOGRAPHY 

The  H2  and  CO  collected  in  the  headspace  of  the  evacuated 
bottles  were  determined  by  gas  chromatography.  Because  of  the  high 
temperature  of  the  sampling  and  because  sampling  was  occasionally 
interrupted  before  the  bottles  were  completely  full,  air  was  admitted 
to  the  bottles  just  before  analysis  to  adjust  the  pressure  to 
atmospheric  pressure.  The  H2  was  separated  on  4.9  m (16  ft)  of 
5 A molecular  sieve  with  N2  carrier  gas  at  room  temperature  and 
determined  by  thermal  conductivity  (helium  was  sought  simul- 
taneously but  was  not  present  at  >0.001  percent)  The  gas 
chromatograph  for  this  determination  was  assembled  locally  from  a 
commercially  available  sampling  valve,  detector,  and  integrator.  For 
the  determination  of  CO  and  CH4,  samples  were  injected  onto  3.6 
m (12  ft)  chromosorb  102  with  He  carrier  gas  in  a Hewlett- 
Packard  5840  gas  chromatograph;  a valve  permitted  backflushing  of 
C02,  H20,  and  SO,  while  the  more  rapidly  eluted  gases  passed  to 
2.4  m (8  ft)  of  5A  molecular  sieve.  After  elution  of  oxygen  from  this 
column,  a valve  switched  the  gas  stream  to  enable  reaction  of  CO 
with  H,  in  the  presence  of  a nickel  catalyst  to  form  CH4  (CH4 
originally  present  in  the  sample  eluted  subsequently  and  passed 
through  this  converter  unchanged)  The  CO  (converted  to  CH4) 
and  CH4  were  then  determined  with  a flame  ionization  detector. 


Analytical  precision  of  the  gas  chromatography  analyses  wai 
±3-5  percent. 

WET  CHEMISTRY 

The  C02,  S02,  H^,  HCI,  and  HF  were  determined  in 
aliquants  of  the  aqueous  solution  in  the  evacuated -bottle  collections. 
For  C02,  0.5  mL  was  added  to  I mL  of  6 M H2S04  saturated 
with  K2Cr207  in  a closed  vial;  the  C02  liberated  into  the  head- 
space  was  then  determined  by  gas  chromatography.  The  HF  was 
determined  by  specific -ion  electrode  after  adjusting  the  pH  of  an 
aliquant  to  6 with  dilute  H2S04.  The  HCI  also  was  determined  by 
specific-ion  electrode  after  acidification  with  6Af  H2S04  and 
oxidation  of  S032“  with  NaN02.  The  Cd  remaining  in  the 
supernatant  solution  was  determined  by  atomic-absorption  spec- 
trometry; the  difference  from  that  originally  present  was  attributed  to 
CdS,  thus  H^.  The  S032-  and  S042-  were  determined  by 
conventional  ion  chromatography  with  3m M NaHC03-Na2C03 
as  eluent;  S032  and  S042'  were  combined  and  calculated  as 
S02.  The  analytical  precision  of  these  determinations  was  ± 10-15 
percent. 

The  evacuated  bottles  were  weighed  before  and  after  sample 
collection.  The  weight  gained,  after  subtraction  of  C02  and  S02, 
was  taken  as  water. 

RESULTS 

Analyses  of  the  evacuated -bottle  collections  on  an  air-free  basis 
are  given  in  table  30. 1 . The  water  content  of  these  samples  ranges 
from  55  to  91  percent,  and,  because  of  the  constant  sum  condition, 
this  variation  induces  an  apparent  variability  in  the  less  abundant 
components.  Furthermore,  the  abundances  of  H2,  CO,  and  H^S 
are  thermodynamic  functions  of  the  temperature  and  partial  pressure 
of  oxygen  at  which  they  were  last  in  equilibrium,  and  thus  variations 
in  these  gases  may  simply  reflect  the  temperature  and  oxidation  state 
of  the  gases.  These  effects  are  reduced  in  table  30.2,  which  gives  the 
analyses  on  the  basis  of  atomic  ratios  (atoms  per  sulfur  atom)  and 
compares  their  average  with  the  composition  of  gas  from  the  recent 
east-rift-zone  eruption  of  adjacent  Kilauea  Volcano.  Even  on  this 
basis,  the  compositional  variability  remains  fairly  large,  with  the 
range  of  each  component  extending  over  more  than  a factor  of  three. 

Two  samples  were  collected  after  the  eruption  ended  on  April 
15.  lable  30. 1 shows  these  samples  to  be  greatly  depleted  in  S02 
and  enriched  in  H20;  by  April  1 8,  halogen  acids  also  became  more 
abundant. 

I*hc  abundance  of  halogen  acids  is  generally  very  low  m these 
gases,  less  than  I percent  of  the  sulfur  content,  and  quite  variable, 
ranging  over  more  than  an  order  of  magnitude.  It  is  obvious  from 
table  30. 1 that  the  halogens  are  highly  correlated  with  each  other, 
but  statistical  tests  show  that  they  vary  independently  of  H,  C,  or  S 
species.  The  average  atomic  Cl/F  ratio,  LI  ±0.46,  is  not  signifi- 
cantly different  from  the  ratio  (0.92)  found  for  the  1983  eruptioo  of 
Kilauea  (table  30.2)  although  the  halogen/S  ratios  from  Kilauea 
are  almost  an  order  of  magnitude  higher  than  these  Mauna  Loa 
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TABLE  30. 1 . — Composition  of  gat  uinipla  front  1964  Mauna  Loo  erupbon 
[Lead-in  tube  materials;  1,  Ti:  2,  stainless  steel;  3,  quartz,  4,  muliite] 


Sample 

Collection 

date 

(■oM) 

Constituent*  mole  percent) 

Temperature 

CC) 

Tube 

MmctuU 

HjO 

K t 

CO, 

CO 

SO, 

H,S 

HQ 

HF 

Active  vents 

1 

325 

75.6 

0 36 

3.22 

0.108 

19.9 

0.58 

0.074 

0.064 

1,080 

1 

2 

3'25 

59,2 

66 

6.34 

156 

32.9 

.62 

.018 

100 

1,075 

1 

3 

325 

64.9 

.55 

4.57 

.157 

28.7 

.92 

.130 

101 

1,080 

1 

4 

326 

73.0 

.64 

3.23 

146 

22.1 

.69 

.108 

051 

1,100 

1 

5 

326 

73.4 

.48 

4.15 

.158 

21.0 

56 

.161 

096 

1 .too 

1 

6 

3 26 

77.6 

49 

2.38 

■ 090 

18.0 

1.05 

.194 

.118 

1,120 

4 

7 

3 26 

75.7 

30 

4.25 

.073 

19.0 

.51 

.066 

.072 

1,050 

4 

8 

3/27 

77.2 

.73 

2.23 

150 

19.0 

.56 

.077 

.036 

1,130 

l 

9 

3.'27 

79.8 

86 

3.05 

.168 

15.3 

.74 

094 

098 

1,130 

1 

10 

3/27 

70.2 

80 

3.45 

.115 

24.5 

.79 

059 

103 

1,100 

1 

11 

3/27 

78.5 

.75 

2.45 

.137 

16.9 

1.01 

.174 

.086 

1,100 

1 

12 

3/27 

69.4 

66 

4.57 

.164 

24.7 

.38 

015 

.025 

1,130 

1 

13 

3 30 

73.1 

.32 

5.34 

.117 

20.1 

.81 

.049 

.055 

825 

3 

14 

3,30 

70.7 

.27 

6.64 

.094 

21.0 

1.11 

089 

.110 

825 

3 

IS 

3/31 

64.9 

.94 

7.79 

346 

25.0 

.85 

093 

.116 

1,080 

3 

16 

4.‘  I 

71.7 

1.31 

6.61 

.322 

17.9 

2.02 

065 

.054 

1.100 

1 

17 

4.  1 

78.7 

.93 

4.69 

.238 

14.0 

1.35 

.048 

.039 

1,100 

1 

18 

4/  2 

82.3 

.33 

4.36 

.143 

11.7 

1.11 

028 

030 

1,050 

1 

19 

4,'  2 

79.8 

.60 

4.54 

.102 

13-9 

.97 

049 

060 

1,050 

1 

24 

4,'  5 

71.8 

.31 

2.11 

.063 

25.1 

.47 

063 

.073 

1,010 

1 

25 

4/  5 

65.6 

.90 

6.13 

.109 

24.8 

2.45 

040 

.029 

1,010 

1 

26 

4/  5 

65.8 

1.30 

6.53 

.306 

23.3 

2.49 

.139 

.174 

1,100 

1 

Feeder  vents 

20 

4/  3 

71.1 

.17 

5.21 

.096 

22-2 

1.02 

.082 

.102 

735 

1 

21 

4.  3 

64.2 

.28 

4.9| 

•083 

292 

1.15 

.059 

078 

870 

1 

22 

4.  3 

71.3 

.15 

5.11 

.072 

22.2 

1.02 

.092 

.099 

775 

1 

23 

4.  3 

62.0 

.30 

6.58 

.078 

29.1 

1.41 

.208 

.265 

835 

1 

27 

4/  5 

61.1 

.41 

6.54 

.125 

30.4 

1.23 

.119 

.124 

875 

3 

28 

4/  5 

55.3 

.58 

8.72 

-157 

33.2 

1 61 

.165 

199 

895 

1 

29 

4/  7 

59  8 

.57 

6.16 

.129 

31.6 

1.63 

.035 

.019 

880 

1 

30 

4'  9 

65.0 

.46 

5.88 

.122 

27.5 

1.01 

.024 

.018 

875 

2 

31 

4/11 

70.2 

.29 

5.07 

060 

23.6 

.80 

.020 

.022 

840 

1 

32 

4/11 

66.1 

.28 

5.06 

089 

27.2 

1.12 

.061 

.056 

840 

2 

33 

4/13 

M.9 

.25 

5.34 

.107 

27.5 

1.64 

.097 

.136 

820 

1 

34 

4/13 

64.7 

.16 

6.01 

046 

28.0 

1.03 

.042 

.045 

820 

2 

Postcruptkm  samples 

35 

4 16 

91.2 

.51 

1.66 

.009 

5.1 

1.44 

.042 

.077 

760 

2 

36 

4/18 

86.8 

.07 

4.05 

.004 

6.7 

1.72 

.193 

469 

745 

2 

ratios.  The  great  difference  in  halogen/S  ratios  may  reflect  a 
difference  in  the  magma  chemistry  of  Mauna  Loa  versus  that  of 
Kilauea;  alternatively,  eruptive  degassing  may  have  been  more 
efficient  for  the  Kilauea  samples  than  for  those  from  Mauna  Loa. 

Examination  of  tables  30. 1 and  30.2  suggests  a difference  in 
water  content  between  samples  taken  in  the  area  of  actively  eruptive 
vents  and  samples  taken  where  the  feeder  dike  was  degassing 
through  posteruptive  vents.  Students  t-test  (Fisher,  1936)  confirms 
the  difference  in  means  (72.6  and  64.6  percent  H^O,  respectively) 
to  be  significant  at  the  99-percent  confidence  level.  A ternary  plot  of 
atomic  H-C-S  (fig.  30. 1 ) shows  the  clear  distinction  between  active 
vents  and  feeder  vents  in  their  content  of  water,  the  ma>or  contributor 
to  atomic  H . Samples  from  both  types  of  vent  plot  closely  along  the 
same  atomic-H  control  line,  defined  by  a C/S  ratio  of  -0.2, 
indicating  that  the  major  source  of  variability  among  these  samples  is 
a process  that  has  added  or  subtracted  water  to  or  from  the  gas. 
Most  of  the  samples  from  the  feeder  sites  were  taken  after  the  lower 
vents  became  inaccessible;  it  is  possible, therefore,  that  the  lower 
water  content  of  these  samples  reflects  a change  in  the  gas  composi- 
tion with  time.  But,  as  discussed  below,  it  seems  more  probable  that 
this  difference  reflects  the  greater  depth  (thus  greater  solubility  of 


water)  of  the  degassing  in  the  feeder  dike  compared  with  the  near- 
surface  degassing  m the  eruption  area. 

DISCUSSION 

EQUILIBRIUM  CONSIDERATIONS 

A fundamental  question  concerning  the  complete  analyses 
| given  in  table  30.1  is  the  extent  to  which  they  represent  an 
I equilibrium  assemblage.  There  are  several  techniques  for  studying 
volcanic  gas  equilibria  (Heald  and  others,  1963;  Nordlie,  1971; 
Gerlach,  1980)  A simple,  rapid  technique  that  does  not  require  a 
computer  will  be  described  here.  The  following  three  oxidation 
reactions  include  all  of  the  gas  species  commonly  reported  in  a 
volcanic  gas  analysis: 


2C0  + 02  = 2C02 

0) 

2H2  + 02  = 2H20 

(2) 

h2s+o2=so2+h2 

(3) 

All  other  reactions  of  the  common  volcanic  gases  can  be  derived 
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TABLE  30.2. — Atomic  comp atihoa  of  gai  sample*  from  1964  Mama  Ijsa 

eruption 

(Figures  irt  atoms  per  atom  of  S;  Mauna  Lo«  average  excludes  post  eruption 
samples;  Kilauea  average  is  of  cast-nft-rone  eruption  of  1983  (Greenland, 
1984)1 


Sample 

CuUcciioa 

date 

(.mold) 

Element 

H 

C 

O 

s 

a 

(X|0») 

F 

<xt0»> 

Active  vents 

I 

3/25 

7.48 

0.163 

5.96 

1 00 

3.61 

3.15 

2 

3/25 

3.62 

194 

4.12 

1 00 

.53 

2.98 

3 

3/25 

4.49 

.160 

4.44 

1. 00 

4.39 

3.41 

4 

3/26 

6.52 

. 148 

5.43 

1.00 

4.74 

2.22 

5 

326 

6.92 

.200 

5.75 

1 00 

7.47 

4,45 

6 

326 

8.31 

.129 

6.21 

1 00 

10.17 

6.18 

7 

326 

7,84 

.221 

6.26 

100 

3.35 

3.68 

8 

3/27 

8.03 

.122 

6.13 

1.00 

3.92 

1.83 

9 

3/27 

10.16 

201 

7.27 

1 00 

5.85 

6.13 

10 

3/27 

5.6* 

.141 

4.99 

1 00 

2.35 

4.05 

II 

3/27 

8.99 

.145 

6.56 

1 00 

9.71 

4.83 

12 

3/27 

5.61 

.188 

5.10 

1.00 

.60 

.98 

13 

3/30 

7.11 

261 

5 94 

1.00 

2.33 

2.65 

14 

3/30 

6.53 

.305 

5.70 

1 00 

4.03 

4.98 

15 

3/31 

5.17 

.315 

5.06 

1 00 

3.61 

4 49 

16 

4/  1 

7.54 

348 

6.0* 

1.00 

3.25 

2.70 

17 

4/  1 

10.56 

.321 

7.58 

1.00 

3.14 

2.53 

18 

4/  2 

13.08 

.352 

8.94 

1 00 

2.17 

2.31 

19 

4/  2 

10.95 

.312 

7.86 

1.00 

3.28 

4.01 

24 

At  5 

5.68 

085 

4.94 

1.00 

2.45 

2.85 

25 

4/  5 

5.06 

.229 

4.68 

1.00 

1.48 

1.05 

26 

4/  5 

5.41 

.265 

4.88 

1.00 

5.39 

6.75 

Feeder  vents 

20 

4/  3 

6.23 

.229 

5.43 

1.00 

3.55 

4.39 

21 

4 / 3 

4.33 

.165 

4.37 

1.00 

1.93 

2.57 

22 

4.'  3 

6.25 

.223 

5.43 

1.00 

3.98 

4.24 

23 

At  3 

4.19 

.218 

4.37 

1.00 

682 

8 69 

27 

4v  5 

3.98 

.211 

4.27 

1.00 

3.76 

3.92 

28 

4)  5 

3.31 

.255 

4 00 

1.00 

4.74 

5.72 

29 

At  7 

3.73 

.189 

4.08 

1.00 

1.06 

.58 

30 

At  9 

4.66 

.211 

4.63 

1.00 

.85 

64 

31 

4/11 

5-85 

.210 

5.23 

1.00 

84 

89 

32 

4/11 

4.77 

.182 

4.62 

1.00 

2.16 

1.98 

33 

4/13 

4.59 

.187 

4.49 

1.00 

3.33 

4.67 

34 

4/13 

4.S4 

.209 

4.57 

1.00 

1.44 

1.54 

Post  eruption 

vents 

35 

4>  16 

28.59 

.256 

16  06 

1 00 

6.37 

11.84 

36 

4 18 

21.22 

.4*4 

12.92 

1.00 

23.03 

55.97 

Mauna  Loa  average 

6.39 

.214 

5.45 

1.00 

3.59 

3.47 

Kilauea  average 

15.5 

260 

10.0 

1.00 

21.6 

23.4 

from  these  elementary  reactions.  Equilibrium  constants,  K,  for  these 
reactions  can  be  expressed  in  the  form 

log(02)  = 2log(C02/CO)  - log  K,  (4) 

log(02)  = 2lo«(H2aH2)-log  K2  (5) 

log(02)  = log(S02/H2S)  + log(H2)-log  K,  (6) 

where  the  individual  species  have  been  written  to  indicate  their 
respective  partial  pressures. 

Because  the  heat  of  reaction  for  gaseous  reactions  is  nearly 
constant  over  a limited  temperature  range,  the  temperature  depen 
dence  of  the  equilibrium  constant  can  be  approximated  by 

log  K = (A/T)  + B (7) 

where  T is  the  temperature  in  Kelvin  and  A and  B are  ther- 
modynamic constants.  From  the  functional  temperature  dependence 


H 


FIGURE  30.1. — Ternary  plot  of  atonic  H.  C,  and  S from  data  in  table  30.2. 
Atonic  H hai  been  divided  by  a factor  of  5 for  clarity  of  plaiting  Dashes  mdtcatr 
water -control  line  for  a CJS  value  of  0.21 . 


of  the  equilibrium  constant,  it  is  obvious  that  a plot  of  iog(p02) 
versus  MT  for  equations  4-6  will  yield  three  straight  lines  intersect 
ing  at  a single  point  if  the  analysis  represents  an  equilibrium 
assemblage;  equally,  divergence  to  three  distinct  intersections  implies 
disequilibrium.  The  major  virtue  of  such  plots  is  that  they  can  easily 
be  constructed  during  an  analysis  from  a table  giving  equilibrium 
constants  at  two  temperatures,  thus  serving  as  an  immediate  control 
on  analyses. 

Alternatively,  an  analytic  solution  may  be  obtained  by  combin- 
ing equations  1-3  to  eliminate  oxygen: 


co+h2o=co2+h2 

(8) 

2CO  + S02  + H2  = 2C02  + H2S 

(9) 

3H2  + S02  = 2H20  + H2S 

(10) 

Temperatures  calculated  from  equation  7 for  these  reactions  neces- 
sarily will  be  the  same  if  all  species  are  in  equilibrium. 

Applying  this  procedure  to  the  samples  of  table  30. 1 shows 
that  some  arc  close  to  equilibrium,  while  many  others  are  far  from 
equilibrium.  Equilibrium  temperatures  (table  30.3)  were  calculated 
for  all  the  analyses  of  table  30.1  from  equations  8-10  with  the 
partial  pressure  of  oxygen  calculated  from  equation  4 at  the  tenL 
perature  given  by  equation  9.  The  results  demonstrate  a consistent 
pattern  of  equation  8 yielding  temperatures  above  the  measured 
magma  temperature  ( 1 , 1 30  5CX  temperatures  from  equation  9 being 
close  to  gas -collection  temperatures,  and  temperatures  from  equation 
10  bring  less  than  those  of  collection.  Because  changes  in  the 
H20/H2  ratio  change  the  calculated  temperatures  of  equations  8 
and  10  in  opposite  directions,  this  ratio  is  the  obvious  candidate  for 
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TABLE  31L3.  — Observed  temperature,  calculated  equilibrium  temperatures,  and 
cakubMed  oxygen  partial  pressure  for  g as  samples  from  1964  Mauna  Loa  eruption 

[Oxygen  partial  prewire  ipOt)  <alri4a*rd  from  equation  I m trmperaiua'r  g>»m  by 
equation  9] 


Observed 

Equilibrium  temperature 

<*C) 

From  From 

From 

temperature 

Sample 

equation  2 equation  J 

equalM'D  Lit 

Active  vents 

1 

2 

3 

4 

5 
ts 
2 

6 
2 
12 
u 
12 
LI 
14 
Li 
16 
LZ 
U 
12 
2A 

25 

26 


UM 

1.075 

1.080 

1.100 

ras 

rm 

OSo 

me 

rag 

uoo 

rag 

me 

-jn 

825 

1.080 

1.100 

1.100 

nra 

17053 

OT3 

Mlo 

1,100 


1,044 

968 

982 

942 

898 

866 

W 

822 

1.062 

rB 

973 

m 

917 
894 
987 
1 .049 


-10.166 

-9.796 

- 10  041 

- 10  687 


-9  755 

-9.881 

-mins 
-9  m 


-11.896 

9 559 

-I£L212 

- in  Ha 

- 11.540 


-in  109 

- II  778 

- 10  2<M 


20 

235 

2,192 

931 

ZZ1 

-11.954 

21 

870 

M59 

951 

854 

- 11.474 

22 

225 

G3» 

904 

m 

-11225 

2J 

833 

U23 

916 

857 

-11.878 

22 

875 

1.256 

978 

914 

11080 

2i 

895 

1.008 

980 

971 

- 10,989 

22 

880 

1.118 

990 

956 

10.934 

Ml 

875 

1.273 

994 

930 

- 10  386 

IX 

SJ£i 

1,259 

929 

857 

- 11  6Qq 

u 

840 

1,513 

953 

849 

11  481 

13 

870 

1,712 

943 

812 

- 11  781 

14 

870 

ras 

869 

282 

17  577 

33 

260 

810 

fill 

814 

- 13  541 

36 

245 

883 

661 

610 

- 16.499 

the  source  of  disequilibrium  in  these  samples.  Oxidation  of  COt  on 
the  other  hand,  would  increase  the  temperature  from  equation  fi 
(which  is  already  too  high),  whereas  oxidation  of  H2S  would  leave 
this  temperature  unaffected.  Gerlach  (1980,  1982)  has  noted  the 
importance  of  the  addition  of  meteoric  water  and  of  the  oxidation  of 
tL  in  volcanic-gas  collections.  Either  excess,  unequilibrated,  H20 
or  a lack  of  H2  in  the  analyses  because  of  oxidation  could  account 
for  the  discrepant  temperatures  of  table  50.3:  Subtracting  H20  or 
adding  to  the  analytical  values  decreases  the  temperature  from 
equation  8 and  increases  that  from  equations  9.  and  10  (water  affects 
equation  9 because  the  constant  sum  of  partial  pressures  requires  a 
change  in  opposite  to  that  of  H2OX 

Forcing  the  analyses  in  table  3£L  1 to  apparent  equilibrium  by 
adjusting  either  H20  or  yields  the  results  shown  in  table  3Q.4. 
Assuming  only  oxidation  of  as  the  cause  of  disequilibrium, 
apparent  equilibrium  was  obtained  by  combining  equations  8 
and  9 to  eliminate  H2: 

3CO + H20  + S02  = 3C02  + (II) 

With  an  equilibrium  temperature  from  this  reaction,  oxygen 
was  calculated  from  equation  I and  apparent  equilibrium  KL  from 


equation  2.  Alternatively,  assuming  disequilibrium  to  be  due  solely 
to  H20,  apparent  equilibrium  H20  was  obtained  by  subtracting 
H20  incrementally  from  a starting  partial  pressure  of  U X (simul- 
taneously correcting  Hj  for  the  constant  sum  requirement)  until  the 
temperatures  calculated  from  equations  8-10  agreed  within  10  °C. 
The  apparent  equilibrium  temperatures  from  these  two  processes 
(see  table  30.4)  agree  within  2Q  °C  and  are  close  to  collection 
temperatures.  Both  processes  also  require  very  large  changes  from 
the  observed  values  (table  30.4):  about  half  of  the  samples  require 
more  than  half  of  the  IJ2  to  have  been  oxidized,  and  a fifth  of  the 
samples  have  apparent  equilibrium  water  contents  of  less  than  45 
percent.  Thus  neither  process  alone  seems  an  entirely  plausible 
explanation  for  the  observed  disequilibrium  in  the  samples. 

That  neither  oxidation  of  H2  nor  excess  H20  is  the  sole  cause 
of  disequilibrium  may  he  seen  from  the  size  of  deviations  from  the 
analytical  values  required  for  apparent  equilibrium.  One  can  define 
the  magnitude  of  the  correction  required  to  force  apparent  equi- 
librium as  the  positive  difference  between  observed  and  calculated 
(table  30.4)  values  divided  by  the  observed  value.  If  disequilibrium 
is  attributed  solely  to  oxidation  of  H2,  then  the  observed  H20 
content  is  the  equilibrium  amount,  and  the  extent  of  oxidation  of  H, 
should  be  independent  of  H20  content.  In  fact,  there  is  a positive 
correlation,  significant  at  the  99-percent  confidence  level,  between 
the  required  deviation  of  KL  and  the  observed  H20  content  in  both 
active-vent  and  feeder-vent  samples.  This  correlation,  indicating  a 
tendency  for  samples  with  higher  H20  contents  to  require  greater 
apparent  oxidation  corrections  of  H2,  implies  that  forcing  apparent 
equilibrium  by  adding  Hj  to  the  analysis  is  correcting,  at  least 
partially,  for  excess,  unequilibrated,  water  in  the  samples  rather  than 
solely  for  oxidation. 

Because  of  the  constant  sum  of  partial  pressures  and  because 
the  greatest  deviations  of  H20  are  associated  with  higher  water 
contents,  there  is  necessarily  an  inverse  correlation  between  the 
required  correction  in  H20  and  other  components  of  the  sample:  the 
negative  correlation  of  H20  deviation  with  C02,  for  example,  is 
significant  at  the  99-percent  confidence  level  for  both  active  and 
feeder  vents.  This  problem  is  eliminated  by  considering  the  H2/CQ2 
ratio:  the  negative  correlation  of  H20  deviation  with  this  ratio  is 
significant  at  the  99 -percent  confidence  level  for  the  feeder  vents,  hut 
not  significant  ( <90  percent)  at  the  active  vents.  Negative  correla- 
tions of  H7/CO  and  H2/H2S  with  water  deviation  also  are 
significant  at  the  feeder  vents  but  not  at  the  active  vents.  This  result 
implies  that,  at  least  at  the  feeder  vents,  forcing  equilibrium  in  the 
samples  by  subtracting  water  is  compensating,  at  least  partially,  for 
the  oxidation  of  m the  samples.  It  seems  probable,  then,  that 
both  addition  of  unequilibrated  water  and  oxidation  processes  have 
contributed  significantly  to  the  observed  disequilibrium. 

Gerlach  (1982)  noted  that  magma  tends  to  have  an  oxygen 
fugacity  in  the  area  bounded  by  the  quartz-magnetite-fayalite 
(QMF)  and  nickel-nickel  oxide  (NNO)  buffers  and  showed  that 
most  equilibrated  volcanic  gases  also  plot  in  this  area.  A similar  plot 
of  these  Mauna  Loa  samples  (fig.  30.2)  shows  that  they  follow  an 
oxygen-temperature  curve  very  close  to  QMF,  regardless  of  whether 
the  analyses  arc  forced  to  apparent  equilibrium  by  subtracting  H20 
or  by  adding  H?,  and  that  both  processes  yield  the  same  relation 
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Table  3Q-4.  Apparent  equiKbnum  values  of  tanperd urr  and  oxygen  partial  pressure  assuming  excess  W20  or  oxidation  of  H^for  gas  samples  from  1964  iV/om  lm 

eruption 


Feeder  vent* 


20 

m 

967 

13-0 

ZU 

998 

-10  674 

.283 

870 

972 

42-0 

64-2 

989 

-10  754 

.662 

2ZS 

938 

- 11.591 

34-6 

ZLi 

965 

-11.044 

.652 

835 

929 

- 11.617 

48,2 

ft?  o 

938 

-11  429 

.513 

-300 

21 

875 

991 

42-6 

6L1 

1,001 

-10  642 

692 

ZE 

895 

981 

-10.960 

Si-6 

15-1 

m 

-10.936 

All 

22 

880 

997 

- in  xiv. 

110 

59  8 

1.002 

-1(1  714 

.741 

87S 

1.009 

-10  571 

12.2 

65  0 

1.018 

in  40K 

J66 

947 

-11  ?N) 

54-6 

20-2 

956 

- 11 069 

.552 

32 

976 

-11.042 

42-6 

66-1 

993 

-10.711 

-Z02 

%9 

-11-275 

35-6 

612 

994 

-in  827 

jss 

i4 

820 

887 

- 12  111 

42-4 

64-2 

902 

II  797 

-383 

-160 

Fostcniptivc  samples 

15 

m 

811 

— 1 3.559 

91.2 

2L2 

m 

-13.549 

.505 

Z45 

-15.977 

216 

86  S 

629 

-15.877 

AA1 

070 

ai22  850  900  950  1000  1050  UQfl  It  50  1 200 

TEMPERATURE  IN  DEGREES  CELSIUS 

FlC.URL  Ki.2.  — ApfMrcnl  '‘qiiilil'rruni  partial  prrswjrr  of  oxvuen  ploMrti  jg.jinit 
apparent  equilibrium  Irmprralure  for  gat  wunpl»-t  from  ibr  I9H4  M.xunj  Loi 
frvp***’  Ijik  iiKli<4trs  i hr  quart/  tnjgnrtilr  favalitr  buffer. 


between  temperature  and  partial  pressure  of  oxygen.  This  rela- 
tionship, 

log(p02)  = -19300/7+4  46  M2) 

provides  a means  of  estimating  the  equilibrium  partial  pressures  of 
H20  and  independently  of  each  other.  Because  the  lower 
temperature  of  the  posteruption  samples  involves  considerable 
extrapolation  of  this  relation,  those  samples  are  excluded  from  the 
following. 

With  equation  L2j  an  equilibrium  temperature  for  an  analysis 
can  be  estimated  from  equation  4*  the  content  from  equation  & 
and  the  H20  content  from  equation  3,  assuming  that  the  C02  CO 
and  S02/H2S  ratios  are  equilibrium  values.  When  this  procedure  is 
followed,  nine  of  the  analyses  from  table  3QJ  yield  temperatures 
above  1,130  °C  or  partial  pressures  of  H20  above  LH  or  both, 
implying  that  the  assumption  is  not  justified  for  these  samples,  winch 
are  therefore  rejected.  About  half  the  remaining  samples  have 
estimated  H,  contents  less  than  the  observed  values  (after  correction 
for  constant  surriX  indicating  either  that  oxidation  is  not  a major 
effect  or  that  the  either  C02/CO  or  SQ^/HiS  or  both  ratios  are  not 
equilibrium  values.  Examination  of  equation  h shows  that  oxidatw 
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Table  20.5.  — C ompanion  of  observed  and  estimated  equilibrium  temperature  and  t (imposition  of  fas  samples  from  1984  Mauna  Imj  eruption 
I C-oanpowtuoo*!  fi«urr»  in  male  prrcrni.  absrr«rd  »»K)p«  of  frotn  table  IQ.  1 corrected  for  the  new  sum  of  partial  pressaret,  (see  toil)] 


Sample 

Temperature  (*C) 

HfO 

H; 

HfS 

estimated 

obiened 

estimated 

observed 

estimated 

observed 

estimated 

observed 

Active  vents 

1 

1,075 

.080 

47  177 

234. 

0 789 

0 780 

0428 

0.580 

2 

1.028 

S4.6K4 

3i2 

742. 

723 

1 34? 

470 

1 

ro?9 

.080 

48  789 

649 

871 

810 

.920 

.920 

A 

1,123 

,100 

5 3 860 

224} 

1 097 

1 1394 

21& 

690 

i 

□55 

,100 

50.759 

72-4 

.924 

889 

A 52 

Aifl 

1 

978 

.050 

54  161 

217 

AM 

Abb 

.871 

AID 

5? 

1.137 

85  935 

79  8 

1 991 

ajs 

-140 

JAQ 

Ut 

1,074 

.100 

42.176 

2SL2 

1 037 

1 015 

1 022 

JW 

12 

D5JT5 

T7T5J 

54  747 

i iSU 

9S4 

944 

.908 

380 

LI 

rm 

-ta 

51  871 

22J 

1.56 

-522 

810 

Aia 

Li 

^53 

&2S 

S8  Anr  i 

2SL2 

.535 

_1K3 

1.110 

1.110 

13 

1.120 

,080 

32421 

ttU 

1 151 

1 14H 

.867 

850 

24 

ft5!7 

1,010 

41.521 

1LS 

MA 

.Ml 

121 

JlZQ 

Feeder  vents 

2SL 

988 

225 

55  645 

2U 

42 a 

Jhl 

1.020 

1 07ft 

21 

976 

870 

46  798 

6L2 

.454 

420 

1 150 

1.150 

22 

952 

m 

50  6X0 

IL1 

A0D 

212 

1 1120 

L020 

22 

930 

825 

sp  II? 

62  0 

J2S 

J 22 

1 dlQ 

1 4IO 

21 

993 

875 

49  651 

6U 

A24 

Ail 

1.230 

1 230 

2& 

985 

895 

SB  779 

512 

64  S 

Ail 

1 410 

1 410 

22 

1.005 

880 

65  353 

59  8 

803 

A21 

1 630 

1 630 

Mi 

nss 

875 

5?  Ml 

65  0 

628 

1—122 

1.010 

21 

930 

840 

54383 

2 HI 

339 

AM 

L222 

.800 

22 

981 

840 

49.082 

36_1 

A2S 

All 

1 120 

1.120 

23 

999 

870 

74  401 

<zL2 

888 

152 

1 640 

1 640 

24 

879 

870 

47  403 

6L2 

ltd 

Til 

LJ22 

1 030 

of  H2S  would  lead  to  underestimating  H/.  table  30_5  shows  the 
result  of  reversing  this  oxidation  by  adding  incrementally  to  the 
analyses  and  recalculating  H,  and  H20  until  the  estimated  H2 
content  is  at  least  as  great  as  that  observed.  (Note  that  the 
H2S/S02  ratio  is  used  in  equation  (_k  and  thus  the  comparison  of 
observed  versus  estimated  H2S  in  table  30.5  is  not  affected  by  the 
new  sum  of  partial  pressures;  H?,  on  the  other  hand,  is  estimated  in 
absolute  terms  from  equation  6 and  thus  comparison  requires 
correction  of  the  observed  value  for  the  new  sum  produced  by  the 
change  in  H20.) 

An  interesting  feature  of  table  30.5  is  the  distinction  between 
active  and  feeder  vents:  oxidation  appears  to  have  affected  primarily 

rather  than  fT>  at  the  active  vents,  whereas  at  the  feeder  vents 
bi  appears  to  have  been  oxidized  to  a greater  extent  than  H2S. 
This  is  consistent  with  the  observation  noted  above  that  simple 
subtraction  of  H20  from  the  analysis  to  force  apparent  equilibrium 
results  in  a negative  correlation  between  excess  H20  and  H?/CO? 
at  the  feeder  vents  (implying  that  oxidation  of  H^,  is  actually  being 
“corrected")  but  not  at  the  active  vents.  The  distinction  between 
oxidation  of  lb  and  may  be  related  to  the  lower  temperature, 
or  to  the  longer  time  between  separation  of  the  gases  from  magma 
and  their  collection  at  the  feeder  vents  relative  to  active  vents. 
Regardless  of  the  vent  type  and  of  the  extent  of  apparent  oxidation, 
most  samples  in  table  30.5  yield  considerably  less  H20  in  the 
apparent  equilibrium  composition  than  in  the  observed  analysis. 

The  calculations  for  table  KLi  depend  on  the  assumptions  that 
the  samples  follow  rigidly  an  oxygen -temperature  buffer  relationship 
and  (bait  the  C02/C0  and  S02/H2S  ratios  are  equilibrium  values, 
assumptions  which  table  30_5  makes  manifest  arc  not  valid  for  at 
least  half  the  table  30. 1 samples.  An  alternative  set  of  assumptions. 


relying  on  the  buffer  relationship  and  the  C02/C0  ratio  and  water 
content,  fares  even  less  well.  Estimating  temperature  from  equation 
l,  IJ2  from  equation  2,  and  H2S  from  equation  3 yields  less  than 
the  observed  content  in  one-third  of  the  samples  and,  as 
previously,  a strong  correlation  between  the  «tent  of  apparent 
oxidation  and  the  observed  water  content,  implying  that  the  oxida- 
tion “correction”  is  actually  correcting  for  excess,  unequilibrated 
water  in  the  samples.  It  is  apparent  that  a multiplicity  of  effects  has 
been  the  cause  of  disequilibrium  in  these  samples,  and  it  is  most 
improbable  that  all  effects  have  been  equally  operative  in  all 
samples. 

WATER  CONTENT 

The  data  in  table  30.5  demonstrate  that  these  gas  samples  have 
been  affected  by  incorporation  of  unequilibrated  water  and  by 
oxidation  of  both  H2  and  H^.  Because  is  separated  imme- 
diately on  collection  as  CdS,  and  because  is  stable  in  these 
collections  (after  quenching)  over  the  4-6  h period  before  analysis 
(see  above X oxidation  of  these  gases  must  occur  in  the  vent  or 
immediately  during  collection;  opportunity  exists  in  both  cases. 
Because  this  oxidation  is  a nonequilibnum  process  (equilibrium 
oxidation  obviously  would  not  produce  a disequilibrium 
assemblageX  high- temperature  reaction  rates  must  be  slow  relative  to 
the  few  seconds  between  separation  of  the  gas  from  the  melt  and 
quenching  in  a sample  bottle.  This  is  also  shown  by  the  observation 
that  even  the  best  gas  collections,  where  near-perfect  equilibrium  can 
be  demonstrated,  actually  contain  a partial  pressure  of  oxygen 
orders  of  magnitude  higher  than  the  equilibrium  value  (0.01  percent 
air  in  the  sample  yields  4-5  orders  of  magnitude  more  oxygen  than 
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equilibrium).  The  slow  (seconds)  rate  of  reaction  suggests  the 
possibility  that  un-equilibrated  water  in  the  samples  is  magmatic 
water  that,  because  its  solubility  in  the  meh  is  much  greater  than 
those  of  C02  and  S,  is  ct solved  in  abundance  in  the  last  few  seconds 
of  the  magmas  rise  and  may  be  collected  before  reaction  with  C and 
S species  is  complete. 

The  observed  water  contents  from  table  30. 1 are  compared  in 
figure  30.3  with  the  apparent  equilibrium  water  content  of  those 
samples  from  table  30. 5 that  show  no  evidence  of  oxidation  of  H2S. 
Whether  one  restricts  consideration  to  only  the  samples  in  which 
neither  H2S  nor  H2  appears  to  be  oxidized  or  includes  all  of  the 
table  30. 5 values  does  not  affect  the  conclusions.  A notable  feature 
of  figure  30. 3 is  that  the  bimodal  distribution  of  water  in  the  original 
analyses  disappears  in  the  apparent  equilibrium  water  values,  which 
show  no  distinction  between  active  and  feeder  vents.  The  mean 
apparent  equilibrium  water  content  of  the  samples  giving  no  evidence 
of  oxidation  in  table  30.3  is  36  percent;  in  comparison,  the 
observed  water  content  is  65  percent  at  the  feeder  vents  and  73 
percent  at  the  active  vents  (table  30. 1 ).  There  is  no  reason  to  ocpect 
the  active  vents  to  be  more  contaminated  with  meteoric  water  than 
the  feeder  vents  (one  would  expect  the  contrary,  given  the  longer 
passage  through  country  rock  before  collection  at  the  feeder  ventsX 
and  thus  the  lower  total  water  at  the  feeder  vents  probably  is  related 
to  the  greater  depth  of  degassing  (greater  solubility  of  water)  at  the 
feeder  vents.  A consequence  of  this  is  that  neither  the  feeder-vent  nor 
the  active- vent  samples  reflect  the  gas  composition  of  the  magma: 
degassing  a water-poor  gas  from  the  magma  through  the  feeder  vents 
prior  to  eruption  results  in  the  gas  at  the  active  vents  being  depleted 
in  C02  and  S02,  thus  enriched  m water. 
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FIGURE  30.3.  Comparison  of  observed  wain  content  (from  table  30.1)  with 
apparent  equilibrium  water  coo  lent  (from  table  30.5  data  for  samples  showing  no 
H*S  oxidation ) for  gas  samples  from  1984  Mauna  La  a eruption. 


Both  the  apparent  equilibrium  atomic  H/S  ratio  and  the 
observed  ratio  at  the  feeder  vents  is  very  low  (table  30.6)  compared 
with  adjacent  Kilauea  Volcano  or  other  basaltic  volcanoes;  even 
basing  the  ratio  on  total  water  at  the  active  vents  still  leaves  Mauna 
Loa  with  among  the  lowest  H/S  ratios  in  table  30.6.  Comparison  of 
the  atomic  H/S  ratio  of  undegassed  intrusive  dike  rocks  collected 
from  the  summit  caldera  of  Mauna  Loa  with  the  gas  ratios  (table 
30.6)  shows  no  reason  to  expect  Mauna  Loa  magma  to  be  unusually 
deficient  in  water.  The  very  low  atomic  H/S  ratio  of  the  gas  samples 
can  be  explained  by  assuming  that  (I)  this  particular  batch  of 
Mauna  Loa  magma  had  a remarkably  low  initial  water  content,  (2) 
eruptive  degassing  was  so  inefficient  that  equilibrium  at  atmospheric 
pressure  between  melt  and  gas  was  not  even  approached,  leaving  the 
melt  supersaturated  in  water,  or  (3)  gases  were  sampled  and 
quenched  before  they  could  react  completely  with  the  newly  ex  solved 
water,  implying  that  total  water  in  these  samples  represents  equili- 
brated plus  unequilibrated  magmatic  water.  I suggest  that  some 
combination  of  the  last  two  alternatives  provides  a more  plausible 
explanation  for  the  low  H/S  ratio  of  these  gases  than  does  invoking  a 
special  origin  for  the  magma. 

Anderson  (1975)  pointed  out  that  a spectrum  of  gas  composi- 
tions may  be  derived  from  the  same  meh  with  varying  pressure  and 
suggested  this  as  a plausible  mechanism  to  account  for  varying 
proportions  of  volcanic  gases.  About  77  percent  of  the  mean  total 
water  at  active  vents  and  86  percent  of  the  mean  total  at  feeder  vents 
is  in  apparent  equilibrium  with  other  gases.  Studies  of  submarine 
basalt  (Moore,  1965)  indicate  that  the  saturation  pressure  for  water 
in  the  mdt  is  about  8 MPa  (80  barsX  Given  a rock  density  of  2.3 
g/cra5,  this  corresponds  to  a depth  of  350  m.  If  the  solubility  curve 
above  this  point  is  linear,  25  percent  of  the  total  water  is  exsol ved  in 
the  final  90  m of  magma  rise.  Thus  the  final  eruptive  surge  and 
degassing  of  the  melt  might  well  be  too  rapid  to  maintain  equilibrium 
in  samples  collected  in  virtual  contact  with  erupting  meh. 


PRE-ERUPTION  DEGASSING 

The  average  atomic  C/S  ratio  in  these  Mauna  Loa  gas  samples 
is  0.21  (table  30. 2)i  This  value  is  similar  to  the  ratio  (0.25)  found 
for  the  current  east -rift-zone  eruption  of  Kilauea  (Greenland.  1984) 


Tabu-:  30.6. — Atonic  H/S  ratios  of  gases  from  tnaak k uolcanoa 


Gas  source 

Atomic 
H S raste 

Source  of  data 

Maun*  I ah 

3.4 

Equilibrated  H.O,  this  paper 

Mauna  I am,  Icedcr  vents 

4.7 

total  H,0,  this  paper 

.Maun*  Iau.  active  vents 

7.3 

foul  HA  this  paper 

Maun*  Lna,  intrusive  dikes 

11 

Last  on  and  Lockwood  1983) 

Kilauea.  Hatemaumau 

7.2 

Equilibrated  HA  Gcrioch  il980 

Kilauea,  Haktnaumau 

15 

Total  HA  Gerbdi  (19801 

Kilauea,  original  magma 

13 

Greenland  and  others  1 1985  > 

Kilauea.  original  magma 

8.6 

Gcrlach  and  Grachei  1 1985 : 

Kilauea,  east  nit 

IS 

Greenland  ( 1984 ' 

Krta  Ale,  1971 

13 

Equilibrated  HA  Gertadl  1982 

Hrt*  Ale.  1971 

21 

Equilibrated  HA  Geriacb  1 1982' 

Km  Ale.  1974 

18 

Equilibrated  HA  Gcrlach  1 1982 

Ardoukoha 

8 8 

Equilibrated  HA  Gcrlach  i,1982' 

Sunwv.  19,' 1 

36 

Equilibrated  HA  GerUch  1982 

Sumey,  1965 

58 

Equilibrated  HA*  Gerbach  1. 1982 1 

S urney,  1967 

55 

Equilibrated  HA  Gcrbch  (1982) 
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but  is  much  lower  than  most  basaltic  gases,  in  which  carbon  is 
usually  more  abundant  than  sulfur  (Gerlach.  1982).  Gerlach  (1980, 
1982)  has  emphasized  the  importance  of  shallow  degassing  of  C02- 
nch  gas  for  controlling  the  composition  of  volcanic  gases,  and 
Greenland  and  others  (1985)  and  Gerlach  and  Graeber  (1985) 
have  suggested  that  the  composition  of  Kilauea  gas  is  controlled  by 
degassing  of  magma  to  equilibrium  in  the  shallow  summit  reservoir  of 
Kilauea.  Maun  a Loa  also  has  a summit  storage  chamber  (Decker 
and  others,  1983)  at  about  the  same  depth  as  at  Kilauea  (3-4  km); 
thus  the  coincidence  of  Kilauea  and  Mauna  Loa  magmas  being 
depleted  in  C02  to  tbe  same  extent  probably  reflects  their  common 
degassing  to  equilibrium  at  the  temperature  and  pressure  of  the 
summit  storage  reservoir.  If  this  is  so,  then  the  eruptive  gases 
sampled  here  reflect  the  composition  of  the  reservoir  rather  than  the 
composition  of  the  initial  mAgma  formed  in  the  mantle. 

Gerlach  (1980,  1982)  has  shown  the  usefulness  of  H/C  versus 
S/C  diagrams  for  indicating  the  effect  of  early  C02  degassing  on  the 
composition  of  volcanic  gas.  Such  a diagram  yields  a vertical  trend  if 
H20  is  the  only  significant  source  of  variation  and  a diagonal  trend 
if  C02  variation  is  important;  figure  30. 1 has  shown  that  H20  is  the 
major  cause  of  variation  in  these  gases,  but  figure  30.4  shows  that  an 
independent  variation  of  CO,  also  is  an  important  contributor  to  the 
total  variance  of  composition.  (In  the  following,  l occlude  the 
anomalous  active  vent  sample  with  a C/S  ratio  of  0.085).  The 
trend,  shown  in  figure  30.4,  for  H/C  to  increase  with  increasing 
S/C  is  statistically  significant  at  the  95-percent  confidence  level  and 
implies  that  pre-eruption  degassing  of  C02  has  had  a significant 


ATOMIC  SfC  RATIO 


Figure  30.4.  — Plo!  ol  atomic  H/C  ralio  against  atomic  S/C  ratio  lor  gas  samples 
from  1964  Mauna  Loa  erupt  ton,  showing  effect  of  carbon  degassing  Crosses, 
activc  vmt  samples.  March  25-27;  triangles,  active- vent  samples,  March  30 
through  April  5;  circlet,  feeder-vent  samples,  April  3-13.  1 .east -squares  line 
fitted  to  the  data. 


I effect  on  eruptive  gas  composition.  Examination  of  figure  30.4 
shows,  however,  that  the  C02-degassing  trend  in  these  samples  is 
produced  almost  entirely  by  the  early  samples  from  the  active  vents. 
Students  t-test  confirms  the  higher  mean  S/C  ratio  of  samples 
collected  in  the  March  25-27  period  relative  to  both  the  later  active 
vents  and  the  feeder  vents  at  the  99-percent  confidence  level;  the 
latter  two  sample  groups  also  are  significantly  (99  percent)  different 
from  each  other  in  S/C  ratio.  The  daily  average  S/C  ratio,  plotted 
in  figure  30. 5,  shows  a high  initial  value  for  the  gases,  a decline  after 
March  28  at  the  active  vents,  and  a subsequent  small  increase  at  tbe 
later  feeder  vents.  Removing  the  pre- March  30  samples  from  the 
population  removes  the  C02  degassing  trend  from  figure  30.4  (no 
statistical  correlation  between  H/C  and  S/C)  suggesting  that  the 
early  eruptive  magma  was  degassed  of  C02  relative  to  the  later, 
more  uniform,  eruptive  magma. 

Equilibrium  degassing  of  magma  at  pressures  less  than  the 
solubility  limit  of  C02  and  S cannot  change  the  S/C  ralio  of  the 
emitted  gas.  Assuming  a linear  pressure  dependence  of  the  sol- 
ubility, the  mass  M of  gas  exsol ved  per  cubic  meter  of  magma  at  any 
pressure  P is: 

M = aP  + M0  (13) 

where  Ma  is  the  initial  mass  of  gas  per  cubic  meter  dissolved  in  the 
saturated  melt.  It  is  obvious  that  for  two  gases,  the  slopes,  a,  of 
equation  1 3 will  be  m the  same  proportion  as  the  initial  contents,  and 
thus  the  otsolved  gas  will  have  the  same  composition  regardless  of 
decreasing  pressure  after  both  gases  have  become  saturated.  Degas- 
sing of  Kilauea  magma  during  storage  in  tbe  shallow  summit 
reservoir  (Gerlach  and  Graeber,  1985;  Greenland  and  others, 
1985)  and,  presumably,  of  this  Mauna  Loa  magma  in  Mauna  Lots 
reservoir  (see  above)  leaves  the  melt  saturated  in  C02  and  S; 
therefore  changes  in  S/C  ralio  must  reflect  variations  in  retention  of 
the  C02-rich  fluid  phase  with  which  the  magma  entered  the 
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Figure  30.5. — Daily  average  atomic  SIC  ratio  a f gas  samples  from  1984  Mauna 
Loa  eruptioa  plotted  against  collection  dale.  Crosses,  active  vent  samples;  circles, 
> feeder-vent  samples. 
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reservoir.  Seismic  evidence  suggests  (R.Y.  Koyanagi,  oral  com- 
mun. , 1984)  that  some  of  this  magma  had  been  injected  into  the  rift 
at  a depth  of  ~ 3 km  over  a period  of  years  prior  to  eruption.  This 
rift-stored  magma  would  be  the  first  to  be  erupted,  and  it  may  be 
that  storage  of  a small  body  of  magma  in  the  rift  would  provide  a 
better  opportunity  for  separation  and  loss  of  the  original  C02-rich 
fluid  phase  than  would  storage  in  the  larger  summit  reservoir  system. 
If  this  is  so,  then  the  change  in  S/C  ratio  of  the  gas  suggests  that  at 
least  three  but  less  than  six  days  of  eruption  were  required  to  flush 
the  rift  conduit.  Ltpman  and  Banks  (chapter  57)  report  a ~ 10- fold 
decrease  in  lava-effusion  rate  beginning  about  April  6;  perhaps  the 
lower  flow  rate  through  the  conduit  permitted  a greater  loss  of  the 
residual  fluid  phase  from  the  reservoir  by  degassing  during  transit  to 
the  feeder  vents,  accounting  for  the  higher  S/C  ratio  at  the  feeder 
vents  relative  to  the  later  active  vents.  In  any  case,  the  change  in  S/C 
ratio  with  lime  observed  in  these  gases  seems  to  require  at  least  two 
magma  batches  having  retained  different  fractions  of  a C02-rich 
fluid  phase  ex  solved  during  ascent  to  the  reservoir. 

POSTERUPTION  DEGASSING 

It  was  noted  above  that  the  two  posteruption  gas  samples  in 
table  30. 1 are  greatly  enriched  in  water.  By  April  18,  halogens  also 
became  greatly  enriched  relative  to  S (table  30. 2)  This  pattern  is 
consistent  with  the  final  degassing  of  a cooling  dike,  in  which  the 
most  soluble  components  (water  and  halogens)  become  enriched 
relative  to  less  soluble  ones  (C02,  S02)l  This  pattern  has  been 
observed  repeatedly  at  posteruptive  vents  and  cones  during  the 
1983-1984  east-rift-zone  eruption  of  Kilauea  (upublished  data) 

However.  C02  actually  became  enriched  relative  to  S by  April 
18;  further  samples  collected  on  May  5 had  C02  as  much  as  five 
times  more  abundant  than  S02.  The  posteruption  enrichment  of 
C02  relative  to  S02  in  the  gas  cannot  be  due  to  degassing  of  a static 
dike  and  implies  the  existence  of  another  source  of  C02 . Tentatively, 
I suggest  a refilling  of  the  shallow  summit  reservoir  from  the  mantle 
(see  above)  and  degassing  of  CG2  from  this  new  magma  through 
vents  created  by  the  eruption. 

CONCLUSIONS 

Most  of  the  gas  samples  collected  from  this  eruption  of  Mauna 
Loa  contain  more  water  than  is  compatible  with  an  equilibrium 
assemblage  of  gases.  *I"he  apparent  equilibrium  compositions  contain 
much  lower  atomic  H/S  ratios  than  have  been  observed  for  other 
basaltic  gases  or  in  un-degassed  dikes  from  Mauna  Loa;  basing  the 
H/S  ratio  on  total,  rather  than  equilibrated,  water  content  of  the 
active  vents  alleviates  but  does  not  completely  solve  the  problem 
posed  by  these  very  low  H/S  ratios.  This  observation  suggests  that 
the  latest  exsolved  water  may  not  have  reacted  completely  with  the 
other  gases  before  being  quenched  during  sampling. 

Halogen.' sulfur  ratios  also  are  very  much  lower  than  those  in 
eruptive  gases  from  the  adjacent  Kilauea  Volcano,  whereas  atomic 
C/S  ratios  arc  almost  identical  at  the  two  volcanoes.  On  the  basis  of 
evidence  for  a shallow  (3-4  km)  magma  storage  reservoir  under 


Mauna  Loa,  and  by  analogy  with  Kilauea,  it  can  be  suggested  that 
this  Mauna  Loa  magma  was  largely  degassed  of  C02  during 
storage  before  eruption.  Degassing  at  this  depth,  however,  does  not 
account  for  the  low  water  and  halogen  contents  of  these  gases.  1 
suggest  that  the  rate  of  flow  of  magma  through  the  eruptive  vent  was 
too  great  for  maintenance  of  equilibrium  between  magma  and 
exsolved  gases;  thus  variations  in  the  water  content  of  these  samples 
reflect  vanations  in  the  amount  of  water  exsolved,  a rale  phenomenon 
rather  than  an  equilibrium  phenomenon.  I"he  low  abundance  of 
halogens  also  may  be  a result  of  incomplete  exsolution,  but  Lhe 
possibility  of  a low  initial  abundance  in  the  magma  cannot  be 
excluded. 

This  study  suggests  that  Hawaiian  magmas  degas  in  stages: 
C02  is  primarily  degassed  from  3-4  km  depth  long  before  the  start 
of  eruption,  S02  as  the  eruptive  magma  begins  its  ascent  from  the 
reservoir,  and  H20  and  halogens  only  as  the  magma  nears  the 
surface.  An  implication  of  this  hypothesis  is  that  gas  samples 
collected  from  eruptive  vents  do  not  reflect  the  gas  composition  of  the 
original  magma  and  may  not  even  reflect  the  gas  composition  of  the 
erupting  magma.  Additionally,  if  physical  rate  processes  create 
significant  variations  in  observed  gas  compositions,  then  recalculating 
a gas  analysis  to  an  equilibrium  assemblage  may  prove  more 
misleading  than  enlightening. 
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SULFUR  AND  CARBON  ABUNDANCES  IN  HAWAIIAN  THOLEIITE  LAVAS: 
1972-1975  ERUPTIONS  OF  KILAUEA  AND  1975  ERUPTION  OF  MAUNA  LOA 

By  Karen  J.  Franczyk,  Everett  K.  Gibson,  Jr.1,  and  Robert  I.  Tilling 


ABSTRACT 

Analysis  of  sulfur  and  carbon  abundances  in  135  samples  of  fresh 
Hawaiian  basalts  erupted  subaerially  during  1972-1975  indicates  that 
the  different  degassing  behavior  of  sulfur  and  carbon  volatiles  and  the 
ease  of  contamination  by  atmospheric  carbon  explain  the  different 
relationships  observed  between  the  sulfur  and  carbon  contents  in  the 
samples  and  their  density,  flowage  distance,  and  type  of  eruptive  mate- 
rial.  Sulfur  abundances  range  from  37  to  over  15,000  |ig/g  (median 
value  153  pg/g);  these  values  are  lower  by  a factor  of  4 to  6 than  those 
for  submarine  tholeiitic  basalts.  Decreases  in  sulfur  abundance  away 
from  the  vent  further  document  previous  findings  that  sulfur  is  pro- 
gressively lost  by  degassing  during  lava  fountain ing  and  flowage;  the 
greatest  loss  occurs  within  about  2 Ian  of  the  active  vent.  Sulfur 
abundance  is  best  preserved  in  spatter  (mean  value  177  |ig/f ) and  more 
depleted  in  pahoehoe  (mean  value  152  pg/g)  and  aa  (mean  value  96  tig / 
g)  flows,  a distribution  controlled  largely  by  increasing  distance  from 
the  vent.  A weaker  inverse  relation  was  found  between  sulfur  content 
and  relative  sample  density. 

The  carbon  content  measured  in  this  study  reflects  the  combined 
contribution  from  the  magmatic  carbon  (COz  dissolved  in  the  basaltic 
glass)  and  a nonmagmatic  surficial  component  adsorbed  after  eruption 
and  even  after  sample  collection.  Total  carbon  abundances  range  from 
11  to  1,099  M-K^V)  the  median  value  (69  |i|/g)  falls  within  the  range  of 
total  carbon  abundances  reported  for  submarine  basalts,  but  the  value 
range  is  considerably  greater.  This  distribution  ia  opposite  from  that 
expected  from  a comparison  between  submarine  (non degassed  I and 
subaerial  (degassed)  samples;  posteruption  contamination  by 
atmospheric  carbon  is  inferred  to  account  for  the  wide  dispersion  in  our 
data.  In  contrast  to  the  sulfur  data,  the  carbon  data  show  no  systematic 
relation  of  measured  abundance  to  sample  type,  relative  density,  or 
distance  from  the  vent.  Such  an  observation  is  compatible  with  recent 
experimental  and  volcanic-gas  studies  that  demonstrate  extensive  and 
rapid  loss  of  C02  from  the  magma  during  storage  m Kilauea's  shallow 
summit  reservoir  and  at  the  onset  of  an  eruption.  Alternatively,  this 
absence  of  any  recognizable  degassing  pattern  for  carbon  volatiles 
during  lava  foun laming  and  flowage  could  mean  simply  that  any  varia- 
tions in  magmatic  carbon  content  are  obscured  by  contamination- 
caused  variations  in  nonmagmatic  carbon.  Subsequent  studies  involving 
stepwise  combustion  in  the  analytical  procedure  are  required  to  deter- 
mine the  carbon  budget  for  subaerial  basalts. 


INTRODUCTION 

The  sudden  escape  of  volatiles  from  magma  provides  the 
driving  force  for  volcanic  eruptions.  Many  investigations  have  been 
conducted,  therefore,  of  the  distribution  of  volatiles,  principally 
water,  sulfur,  and  carbon,  in  the  gaseous  and  solid  eruptive  products 
of  volcanoes.  Because  of  their  high  eruption  frequency  and  good 
accessibility,  Kilauea  and  Mauna  Lou  Volcanoes  on  the  Island  of 

'JutiikK*i  Space  Center,  NASA,  Houiloo,  Texas 


I Hawaii  (fig.  31.1)  have  provided  abundant  materials  for  such 
' studies. 

The  staff  of  the  Hawaiian  Volcano  Observatory  (HVO) 
systematically  sampled,  in  time  and  space,  the  eniplive  products  of 
the  long-lived  1972-74  Mauna  Ulu  activity  (Tilling  and  others, 
chapter  I6X  as  well  as  eruptive  products  of  the  following  short-lived 
activity:  the  July,  September,  and  December  1974  Kilauea  erup- 
tions (Lockwood  and  others,  chapter  19);  the  July  1975  eruption  at 
Mauna  Loa  summit  (Lockwood  and  others,  1976);  and  the  small 
eruption  at  Kilauea  summit  triggered  by  the  magnitude  — 7.2 
Kalapana  earthquake  on  November  29,  1975  (Tilling  and  others, 

i I976X 

We  have  determined  the  total  sulfur  and  carbon  abundances  in 
135  selected  samples  from  these  events  (tables  31.1-31.2)  in  an 
attempt  to  describe  their  variation  and  to  document  any  patterns  of 
volatile  behavior  during  subaerial  eruption.  To  the  best  of  our 
knowledge,  the  data  set  presented  herein  is  the  most  comprehensive 
obtained  to  date  for  subaerially  erupted  tholeiitic  basalts.  Problems 
involving  initial  degassing,  collection  state  of  the  samples,  and  ease 
of  sample  contamination  by  atmospheric  carbon  (Des  Marais  and 
Moore,  1 984)  combine  to  introduce  a large  degree  of  uncertainty  in 
interpretation  of  the  data.  Nonetheless,  m this  paper  we  note  several 
general  systematic  relations.  The  validity  of  these  relations  remains 
to  be  tested  by  additional  studies  specifically  designed  to  eliminate  or 
minimize  posteruption  carbon  contamination  by  utilizing  better  con- 
trolled field  sampling,  sample  storage  and  preparation,  and  modified 
I analytical  procedures. 
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FfCLTRE  31 . 1.— Index  map  of  Hawaii  from  Tilling  and  others  (chapter  24)  showing 
the  five  volcanoes  that  make  up  the  island  Elevation  contours  are  in  feet.  The  ute 
of  the  1969-74  Maun*  Ulu  eruptions  on  Kilaueas  upper  east  rift  zone  is  also 
shown.  (For  more  details  on  the  Mauna  Ulu  eruptions,  see  Tilling  and  others, 
chapter  16) 

ANALYTICAL  METHODS 

Sulfur  and  carbon  abundances  were  determined  in  1 27  samples  ! 
from  the  1972—75  eruptions  of  Kilauea  Volcano  and  8 samples 
from  the  1975  Mauna  Loa  eruption.  The  analytical  data,  together 
with  pertinent  information  on  the  samples  (location,  type,  relative 
density,  distance  from  the  vent,  and  collection  state),  are  given  in 
tables  31. 1-31.2. 

Measurements  of  total  sulfur  and  carbon  were  made  using  a 
LECO  IR-32  sulfur  analyzer  and  a LECO  IR-12  carbon 
analyzer  following  the  procedures  of  Gibson  and  Moore  (1973). 
Powdered  samples  of  approximately  300  mg  were  combusted  in 
oxygen  at  1 ,800  °C,  and  the  resulting  S02  and  C02  measured  with 
an  infrared  Luft*cell  detector.  Detection  limits  were  I p.g  sulfur  or 
carbon.  Each  sample  was  ground  and  divided  into  three  parts  that 
were  individually  analyzed  and  the  results  averaged  to  provide  the 
reported  sulfur  and  carbon  abundances  given  in  tables  31. 1-31.2. 
The  accuracy  of  the  sulfur  and  carbon  analyzers  were  checked 
against  the  National  Bureau  of  Standards  reference  steel  55c  (S: 
1I0±  10  pg/g;  C:  1 12 ± 10  pg'g).  The  analytical  uncertainty  of 
the  determinations  is  estimated  to  be  less  than  10  percent  of  the 
amount  of  S or  C in  the  samples. 


The  relative  density  of  each  sample  was  qualitatively  assigned 
after  visual  examination.  Samples  with  very  few  or  no  vesicles  were 
designated  as  having  a high  relative  density,  and  those  with  extremely 
abundant  or  large  vesicles  were  designated  as  having  very  low 
relative  density.  Samples  falling  between  these  two  extremes  were 
ranked  as  moderately  high,  moderate,  moderately  low,  and  low. 

PREVIOUS  WORK 

During  the  past  two  decades,  significant  advances  have  been 
made  in  the  understanding  of  the  distribution  and  the  isotopic 
compositions  of  volatiles  in  ocean-floor  and  Hawaiian  basalts 
(Moore  and  Fabbi,  1971;  Moore  and  Schilling,  1973;  Swanson 
and  Fabbi,  1973;  Mathez,  1976;  Javoy  and  others,  1978,  1982; 
Muenow  and  others,  1979;  Harris,  1981;  Harris  and  Anderson, 
1983;  Des  Marais  and  Moore,  1984;  Kyser  and  O’Neil,  1984; 
Mattey  and  others,  1984;  Sakai  and  others.  1984).  More  recently, 
complementary  studies  of  the  volcanic  gases  emitted  at  Hawaiian 
volcanoes  have  made  possible  improved  models  of  the  magmatic 
budgets  of  carbon  and  sulfur  for  the  Kilauea  and  Mauna  Loa 
volcanic  systems  (Greenland,  chapter  28,  1984,  in  press;  Gerlach, 
1980,  1982;  Gerlach  and  Graeber  1985;  Greenland  and  others, 
1985,  in  press).  Many  of  these  studies  have  focused  on  estimations 
of  the  juvenile  contents  of  sulfur  and  carbon  and  their  implications  for 
the  abundance  and  occurrence  of  these  elements  in  the  magma  source 
regions.  It  is  now  well  known  that  submarine  basalts  erupted  under 
conditions  of  great  hydrostatic  pressure  are  the  least  degassed,  and 
hence  the  measurements  of  their  sulfur  and  carbon  abundances  most 
closely  approximate  juvenile  concentrations.  Subaerially  erupted 
basalts  are  typically  lower  in  total  sulfur  abundance  than  submarine 
basalts  because  of  the  substantial  degassing  loss  to  the  atmosphere 
during  fountaining  at  the  vent  and  lava  flowage  (Moore  and  Fabbi, 

1971;  Gibson  and  Moore,  1974,  fig.  5). 

Des  Marais  and  Moore  ( 1 984)  have  demonstrated  that  carbon 
abundance  in  submarine  basalt  decreases  with  decreasing  ocean 
depth  of  eruption  site.  This  relation  reflects  the  increased  solubility 
of  C02  in  the  meh  at  high  pressure  and  the  attendant  greater 
tendency  for  volatiles  to  escape  from  magma  at  shallow  water  depths 
(that  is,  at  lower  confining  pressure).  Several  recent  studies  (Des 
Marais  and  Moore,  1984;  Mattey  and  others,  1984;  Sakai  and 
others,  1984)  have  shown  that  carbon  typically  occurs  in  three 
forms:  ( I ) posteruption  carbon  on  sample  surfaces  (adsorbed  gases, 
organic  matter,  weathering  coatings,  and  other  nonmagmabc  carbon 
species  acquired  by  the  basaltic  glasses);  (2)  magmatic  carbon 
dioxide  trapped  in  vesicles;  and  (3)  magmatic  carbon  dissolved  m 
basaltic  glasses.  For  the  12  midocean  basalts  they  analyzed,  Des 
Marais  and  Moore  (1984)  found  that  forms  (I ) and  (3)  provide  the 
bulk  of  the  measured  total  carbon  content.  Furthermore,  they 
demonstrated  that  posteruption  carbon  can  be  easily  acquired  by  the 
sample,  as  evidenced  by  the  19  p.g/g  of  surficial  carbon  yielded  by 
rcanalysis  of  a sample  exposed  to  the  atmosphere  for  four  days 
following  a previous  analysis  (maximum  combustion  temperatures 

504  °C). 
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We  designed  our  study  as  a broad  survey  of  the  carbon  and 
sulfur  abundances  in  Hawaiian  tholeiitic  basalts  in  order  to  build  on 
the  earlier  studies  of  Moore  and  Fabbi  ( 1 97 1 X Swanson  and  Fabbi 
(I973X  and  Swanson  (1973)  with  the  following  general  objectives: 
(I)  Io  obtain  a larger  data  base  for  fresh  subaenally  erupted 
Hawaiian  basalts  that  have  not  been  subjected  to  weathering:  (2)  to 
examine  the  relation  between  volatile  content  and  the  different 
materials  produced  during  the  course  of  an  eruption;  (3)  to  document 
better  the  degassing  behavior  of  sulfur  and  carbon  during  lava 
fountaining  and  flowage;  and  (4)  to  detect  changes,  if  any,  in  volatile 
content  of  magma  through  time.  We  did  not  anticipate  the  magnitude 
of  the  problem  of  sample  contamination  by  atmospheric  carbon 
recently  brought  to  light  and  the  additional  uncertainty  in  data 
interpretation  created  by  posteruption  contamination  effects.  Despite 
the  difficulty  in  data  interpretation  presented  by  these  factors,  we 
believe  that  it  is  useful  to  report  our  carbon  data  because  they 
constitute  the  best  available  data  set  for  subaerial  basalts  obtained  to 
date. 

DISTRIBUTION  OF  SULFUR  AND  CARBON 
CONTENT  IN  DIFFERENT  ERUPTIVE  PRODUCTS 

The  gas  content  and  degassing  patterns  of  magma  are  some  of 
the  primary  controls  on  the  morphology  of  lava  flows  (Swanson, 
1973X  In  our  study,  spatter  (near-vent)  and  pahoehoe  and  aa  flows 
were  extensively  sampled,  but  we  did  not  differentiate  between  the 
varieties  of  pahoehoe  (see,  for  example,  Swanson.  1973)  nor  the 
varieties  transitional  between  pahoehoe  and  aa  (see,  for  example. 
Peterson  and  Tilling,  I980X  Because  these  products  have  under- 
gone different  degassing  histories  and  the  lavas  may  have  varied  in 
original  volatile  content,  the  eruptive  products  might  be  expected  to 
differ  in  measured  sulfur  and  carbon  contents. 

To  facilitate  comparison  of  the  data,  which  show  great  scatter, 
we  computed  mean  sulfur  and  carbon  values  according  to  sample 
type  for  each  of  the  eruptive  episodes  of  Kilauea,  for  Kilauea 
samples  as  a whole,  and  for  the  1975  Mauna  Loa  eruption  (tables 
3 1 . 3—31 . 5X  The  small  sample  populations  for  many  of  the  eruptive 
episodes  allow  only  a general  comparison  between  the  products  of 
the  same  episode.  However,  the  mean  values  for  aggregated  Kilauea 
data  provide  a better  statistical  basis  for  comparison. 

On  the  basis  of  the  aggregated  Kilauea  data,  the  mean  sulfur 
content  of  1 77  pg/g  for  spatter  is  the  highest,  followed  by  1 52  p.g/g 
for  pahoehoe,  and  96  pg/g  for  aa.  There  are  deviations  from  this 
general  pattern  when  the  products  of  a single  eruptive  event  are 
compared,  but  these  probably  result  from  the  small  sample  popula- 
tions for  most  of  the  single  events,  as  well  as  from  the  lumping  of 
pahoehoe  varieties  and  the  disregard  of  the  transitional  flow  types 
between  pahoehoe  and  aa.  Comparison  of  the  products  of  the  1975 
Mauna  Loa  eruption  is  hampered  by  a small  sample  population:  the 
one  pahoehoe  sample  exceeds  in  sulfur  content  the  mean  for  spatter, 
but  some  individual  spatter  samples  contain  more  sulfur  than  the 
pahoehoe  sample. 

The  lime  of  formation  and  location  of  deposition  of  these  three 


eruptive  products  explain  the  general  decrease  in  sulfur  content  from 
spatter  to  pahoehoe  to  aa.  Spatter,  deposited  by  lava  fountaining  in 
the  vicinity  of  the  active  vent,  commonly  represents  material  ejected 
early  m the  eruption  or  during  more  vigorous  vent  activity.  Because 
spatter  is  an  air-quenched  product,  it  undergoes  minimal  degassing 
and  thus  retains  a relatively  high  sulfur  content.  In  contrast,  the 
pahoehoe  and  aa  form  lava  streams  that  are  continually  degassing  as 
they  advance  from  the  vent. 

Swanson  (1973)  documented  numerous  types  of  pahoehoe  and 
concluded  that  gas  content  and  mode  of  flowage  of  the  lava  determine 
the  resultant  morphology  and  gross  texture.  Different  types  of 
pahoehoe  were  not  differentiated  in  our  study,  but  some  of  the 
variations  we  found  in  sulfur  content  in  the  pahoehoe  samples  no 
doubt  reflect  different  morphologic  types,  distances  from  the  vent, 
and  multiple  phases  of  pahoehoe  formation.  The  role  of  gas  loss  m 
the  transition  from  pahoehoe  to  aa  has  been  debated.  Pahoehoe  is 
1 generally  regarded  to  be  richer  in  gas  than  aa  (see,  for  example, 
Williams  and  McBirney,  1979X  Swanson  (I973X  however,  believed 
that  a higher  rate  of  cooling,  and  not  the  loss  of  gases,  causes  the 
transition  from  pahoehoe  to  aa.  Others  (Sparks  and  Pinkerton, 
1978)  have  attributed  aa  formation  to  the  high  yield  strength  of  lava 
that  has  lost  a significant  amount  of  gas.  Peterson  and  Tilling 
(I980X  though  not  directly  addressing  the  issue  of  gas  loss,  pro- 
posed that  lava  changes  from  pahoehoe  to  aa  once  a certain  critical 
relation  (the  so-called  transition  threshold)  between  viscosity  and 
rate  of  shear  is  attained.  In  general,  magma  viscosity  increases  with 
decreasing  gas  content,  and  we  interpret  the  lower  mean  sulfur 
1 values  for  aa  to  indicate  that  it  had  degassed  to  a greater  extent  than 
the  pahoehoe  or  spatter.  This  interpretation  is  consistent  with  the 
observation  that  aa  lava  is  predominantly  found  at  the  toe  of  an 
advancing  flow,  hence  farther  from  the  vent,  and  so  has  had  more 
opportunity  to  degas  than  its  associated  pahoehoe  lava. 

The  carbon  values  for  spatter,  pahoehoe,  and  aa  show  more 
i variation  and,  unlike  the  sulfur  values  do  not  exhibit  any  systematic 
trend.  Swanson  and  Fabbi  (1973)  similarly  did  not  observe  any 
demonstrable  trends  in  the  behavior  of  carbon  volatiles  and  sug- 
gested that  their  analytical  techniques  were  not  precise  enough  to 
detect  small  but  possibly  significant  changes.  However,  the  low 
solubility  of  C02  in  the  melt  and  its  tendency  to  degas  rapidly  before 
or  during  eruption  (see  Greenland,  chapter  28;  Basaltic  Volcanism 
Study  Project,  1981;  Gerlach  and  Graeber,  1985;  Greenland,  in 
press)  may  better  explain  the  incoherent  variation  pattern  for  carbon 
abundances.  If  indeed  most  of  the  C02  is  lost  by  degassing  during 
storage  in  the  shallow  summit  reservoir  or  immediately  with  the  onset 
of  eruption,  then  products  that  formed  later  in  the  eruption  and 
flowage  sequence  would  not  on  average  contain  noticeably  less 
carbon  than  those  formed  early  in  the  eruption.  Moreover,  the  great 
range  in  carbon  content  within  each  category  of  material  analyzed 
and  the  slightly  higher  mean  carbon  value  for  pahoehoe  than  for 
spatter,  contrary  to  expected  degassing  behavior,  probably  also 
reflect  scatter  in  the  data  resulting  from  posteruption  contamination 
by  atmospheric  carbon.  Given  these  great  uncertainties,  the  dif- 
ference between  the  mean  carbon  values  for  Kilauea  aa  (85  p.g/g) 
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TABLE  31.1.  — Sulfur  and  carbon  contenh  and  other  charackritba  of  tcleded  lava  uvnples  from  Kiiauea  Volcano 

[For  ami  ibr  d<Ur  givm  n bolh  tbr  Autr  <4  eruption  and  the  dale  <4  sample  collection;  where  they  differ,  (lie  collection  dale  u pr*  m parentheses  ReWivr  drneiiv  estsnaled  by  nmal 

sesperUom  of  sample  vruculantv  before  enuhin*  H.  hsgh.  MH,  moderately  high.  M,  moderate.  ML.  moderately  low;  L.  low;  VL.  very  low;  *.  density  not  estimated.  Pbymcal  stale  of  sample  a 
tune  of  collection.  S.  solid;  H.  bat;  W.  warm.  C.  cool;  L,  kqsad.  Most  spatter  sampler  collected  m the  ucesedialr  vicinity  of  (be  vent;  approximate  distances  from  vent  arc  p*en  for  other  samples] 


Sample 

Dace  erupted 
(Date  collected) 

Materiel 

Re  lative 
density 

Collection 

state 

S 

(hg/g> 

C 

<U«/*> 

Distance 
from  vent 

Remarks 

February 

1972  - May 

1973 

Hitt  72-2 

2/8/72 

Spatter 

M 

S.H 

164 

46 

0 

Still  glowing  when 
collected 

M172  7 2-J 

2/9/72 

Pahoehoe 

mi 

L 

153 

223 

1 km 

Toe  of  active  flow 

MU2 72-16 

2/27/72 

Specter 

M 

5,  H 

182 

270 

0 

MU372-23 

3/18/72 

(3/19/72) 

Spatter 

L 

S,W 

232 

181 

0 

HU372-27 

3/21/72 

Pahoehoe 

ML 

L 

170 

245 

20  « 

HU472-30 

4/1 1/72 

Pa  hoe  hoe 

L 

L 

258 

350 

40  » 

Dipped  froei  Alee 
lava  lake 

MU4 72-32 

4/14/72 

Aa 

MH 

L 

120 

68 

200  ■ 

Peaty,  glowing  core  of 
noving  flow 

HUA 72-33 

3/18/72 

(4/14/72) 

Spatter 

ML 

S,C 

216 

226 

0 

MU572-34 

5/B/72 

Pahoehoe 

VL 

L 

299 

561 

0 

Dipped  from  Alae  lava 
take  (air-quenched) 

Kl/572-35 

5/8/72 

Pahoehoe 

VL 

L 

163 

114 

0 

Dipped  from  Alae  lava 
lake  (water- 
quenched) 

Hl'572-39 

5/23/72 

Spatter 

MH 

S.H 

189 

94 

0 

Alae  lava  lake 

HU672-41 

6/1/72 

Pahoehoe 

M 

S.H 

301 

112 

0 

N.  rim  overflow,  Alae 
lake 

MU672-43 

6/9/72 

Spatter 

M 

s.v 

162 

119 

0 

MU772-4? 

7/11/72 

Spatter 

HH 

s,c 

201 

60 

0 

MU7 72-48 

7/11/72 

Pahoehoe 

M 

L 

197 

123 

2 km 

Flowing  from  Alae 

MU872-51 

8/4/72 

Pahoehoe 

H 

L 

105 

54 

2 km 

Hakaopuhi  Crater  floor 

MU872-55 

8/12/72 

Pahoehoe, 

apinoae 

M 

L 

132 

68 

2 km 

Liquid  cooled  on 
thermocouple  tip 

MU972-57 

9/3-5/72 

(9/5/72) 

Spatter 

M 

S.C 

201 

56 

0 

MU972-61 

9/28/72 

Pahoehoe 

H 

L 

123 

77 

10  km 

Very  viscous  flow, 
lava  lake 

MUl 072-64 

9/28/72 

10/13/72 

Stalactite  and 
wall  glaze 

M 

S.H  15 

.025 

68 

1.5  km 

Edge  of  skylight, 
active  tube 

ML' 10  72 -6  5 

10/16/72 

(10/17/72) 

Spatter 

HH 

s,w 

227 

115 

0 

MUt072-66a 

10/25/72 

Lava 

MH 

L 

133 

66 

2 km 

Quenched;  outside  of 
steel  bucket;  glassy 

HOI 072-66b 

10/25/72 

Lava 

M 

L 

157 

221 

2 km 

Inside  of  bucket;  more 
slowly  cooled 

Mi'll  72-66 

11/7/72 

Pahoehoe 

H 

L 

153 

16 

3 ka 

MU1172-69 

11/28/72 

Pahoehoe 

M 

L 

182 

92 

250  m 

Mill  272-70 

11/29-12/1/72 

(12/1/72) 

Spatter 

H 

S.C 

197 

74 

0 

MUl 272-74 

12/14/72 

Pehoehoe 

ML 

L 

191) 

47 

1 ka 

KOI  73-76 

1/9/73 

Pahoehoe 

M 

L 

102 

107 

2.5  km 

HOI  73- 7 7 

1/9/73 

Pahoehoe 

M 

L 

100 

84 

3 ka 

Mil  73- 78a 

1/9/73 

Aa 

H 

L 

64 

36 

7.2  km 

Pasty,  glowing  core; 
air-quenched 

MUl  73- 78b 

1/9/73 

Aa 

H 

L 

57 

68 

7.2  km 

Water -quenched 

MUl73-79a 

1/9/73 

Pahoehoe 

M 

L 

105 

94 

7 km 

Air-quenched 

ML’I  73-79b 

1/9/73 

Pahoehoe 

M 

L 

92 

83 

7 km 

Uater-qucnched 

MUl 73-80 

1/9-1/10/73 

(1/10/73) 

Spatter 

L 

s.u 

166 

157 

0 

HOI 73-89 

1/31/73 

Pahoehoe 

MK 

L 

85 

21 

B km 

MU273-95 

2/28/73 

Pahoehoe 

H 

L 

111 

31 

1 km 

Leaking  from  tumulus 

MU273-97 

2/28/73 

Pahoehoe 

H 

S.H 

94 

23 

10  km 

5-m  dspth  sea 

Mt'373-98 

MU373-98* 

MU373-98b 

HU373-98C 

3/3/7) 

Pehoehoe 

H 

S.H 

223 

389 

157 

123 

66 

67 

92 

39 

10  km 

Average  S and  C values 
for  entire  sample 
Classy  rim,  1 cm  thick 
21 -cm  thick  fine- 
grained interior 
Classy  lower  rim 

MU373-99 

3/4/7) 

Pahoehoe 

HH 

5.  H 

120 

24 

10  km 

Collected  in  tide  pool 

MUl 7 3- 101 

3/6/73 

Black  sand 

a 

S.C 

121 

53 

10  km 

Newly  formed 

MUJ  7 3-103 

3/14/73 

Spatter 

MM 

s,c 

190 

51 

0 

ML3 73-107 

3/23/73 

Pahoehoe 

H 

L 

107 

20 

10  km 

Temperature  measured 

H0473-108 

4/10/7) 

Spatter 

MH 

S.H 

133 

26 

0 

Ml* 7 3- 109 

4/10/73 

Pahoehoe 

M 

L 

112 

11 

10  km 

Temperature  measured 

HUS73-IU 

5/1/73 

Spatter 

M 

s.u 

217 

25 

0 

ML573-1 12 

5/1/73 

Pahoehoe 

M 

L 

150 

48 

1.5  k. 
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Table  31 . 1 . — Sulfur  and  carbon  contents  and  other  characteristics  of  selected  laLki  samples  from  Kdauca  Volcano — Continued 

[For  Mott  larapln,  the  dale  giwta  it  both  the  dale  of  eruption  and  the  dale  of  sample  collection:  where  they  differ,  the  collection  due  n given  m parentheses.  Relative  dfmwty  rsteruSrd  by  wtwal 
mspeclww  of  sample  vewculanty  before  cnithm*:  H.  Inch.  MH.  moderately  bgh  M.  moderate:  ML.  moderately  low;  L,  low;  VL.  very  low;  *.  density  not  estimated.  Htyucal  Ualc  al  sample  K 
umr  d tolirrtton  S.  solid,  H.  hot;  W.  warm;  C.  cool;  L.  txjmd  Most  spatter  samples  collected  in  the  immediate  vicinity  of  (he  vent;  approximate  distances  from  vent  are  given  (or  other  samples] 


Sample 

Date  erupted 

Material  Relative 

Collection 

S 

C 

Distance 

Remarks 

(Date  collected) 

density 

state 

(pS/8> 

<M»/8> 

from  vent 

Pauahi-Hi iaka 

BB 

(upper  east  rift  rone). 

May  5,  1973 

PH573-1 

5/5/73 

Pubic  a 

VL 

S,C 

213 

437 

0 

Highest  fountaining 

PH573-2 

5/5/73 

Pahoehoe 

M 

L 

135 

99 

1 kn 

PH573-3 

5/5/73 

Spatter 

M 

S(  R 

161 

110 

0 

PHS73-4 

5/5/73 

Spatter 

M 

s.u 

165 

85 

0 

PH573-5 

S/5/73 

Pahoehoe 

MH 

s,c 

324 

123 

0 

High  lava  lake. 

(5/23/73) 

Hi  iaka  stand 

PH573-6 

5/5/73 

(5/23/73) 

Pumice 

VL 

s.c 

210 

181 

0 

Hi iaka  Crater 

PH973-8 

5/5/73 

(9/10/73) 

Spatter 

M 

$,c 

177 

109 

0 

Pauahi  Crater 

PH97J-10 

5/5/73 

Pahoehoe 

ML 

s,c 

121 

119 

0 

Pauahi,  high  lava 

(9/10/73) 

lake  stand 

PH973-1 1 

prehiatoric 

Lava 

H 

s.c 

37 

106 

Prehistoric  lavaj 

9/10/73 

wall  of  Pauahi 

Mauna  Utu  eruption 

(upper  eaat  rift  rone) 

, June  1973 

- November 

1973 

MU673-115 

6/5/73? 

pahoehoe 

L 

s,v 

413 

77 

100  a 

Classy  rind  of  shelly 

(6/7/73) 

pahoehoe,  Alae 

HU673-I16 

6/7/7) 

Pahoehoe 

M 

L 

175 

13 

0 

Dipped  from  Mauna 

Ulu  lava  lake 

( Mauna 

Ulu  not 

sampled  again 

until  October) 

HU107J-1 1 7 

10/30/73 

Spatter 

L 

S.H 

2 34 

114 

0 

HL1!  173-120 

11/4/73 

Spatter 

ML 

s.u 

229 

15 

0 

Mill  l 73-122 

11/4/73 

Pahoehoe 

ML 

L 

2 53 

32 

200  a 

Lava  lake  overflow 

MUI1 73-125 

11/8/73 

Pahoehoe 

H 

L 

140 

29 

150  m 

Dipped  lava  lake 

Pauhi  eruption  (upper  eaat  rift  rone), 

November  - 

December,  1973 

PHI  173-12 

11/10/73 

Spatter 

L 

S.C 

187 

146 

50  m 

Uatch  it  fall 

PHI  173-1 5 

11/11/73 

Pahoehoe, 

ML 

S,H 

197 

118 

0 

Glowing  toe 

glassy  rind 

PHI  1 73-16 

11/11/73 

Spatter 

• 

s.u 

318 

135 

300  m 

Fissure  300  m f roe 

Puu  Huluhulu 

PHU  7J-21 

11/29/73 

Spatter 

M 

s.c 

102 

135 

0 

PH5 74-25 

12/9/73 

Pahoehoe, 

M 

s,c 

86 

119 

0 

Last  erupted  material 

(5/1/74) 

glassy  akin 

in  west  pit 

Mauna  Utu  eruption 

(upper  cast  rift  zona) 

, December 

1973  - June 

1974 

KU1273-I27 

12/14/73 

(12/27/73) 

pahoehoe 

M 

s,c 

286 

62 

<100  m 

Lava-lake  high  stand 

MUl 74-131 

1/25/74 

Pahoehoe 

M 

L 

78 

66 

<25  * 

KU1 78-132 

1/25/74 

Spatter 

L 

s.u 

243 

69 

0 

Collected  as  it  fell 

MUl 74-133 

1/25/74 

Pahoehoe 

M 

L 

81 

46 

140  « 

MUl  74-134 

1/25/74 

Pahoehoe 

M 

L 

SO 

69 

400  is 

Slabby  pahoehoe 

MU2 74-142 

1/25-26/74 

Ki 

* 

S.C 

208 

91 

2 km 

Terminus  of  1/25/74 

(2/2/74) 

flow 

MU274-I43 

1/25-26/74 

Pahoehoe, 

M 

S.C 

70 

81 

0.6  km 

Edge  of  1/25-26/74 

(2/2/74) 

spinoae 

flow 

MU2 74-147 

2/14/74 

Pahoehoe 

ML 

L 

144 

58 

10  m 

WJ274-U8 

2/14/74 

Pahoehoe 

ML 

L 

168 

3) 

50  m 

MU3 74-154 

3/5/74 

Spatter 

ML 

S.C 

149 

67 

0 

Vent  F 

HU374-IS5 

3/17/74 

(3/18/74) 

Spatter 

L 

s,u 

202 

36 

0 

Vent  E 

MU374-1 56 

3/23/74 

Spatter 

L 

S.H 

229 

41 

0 

Collected  as  it  fell 

MU374-157 

3/23/74 

Pahoehoe 

M 

L 

1 68 

45 

24  m 

MU374-I58 

3/23/7* 

Pahoehoe 

M 

L 

118 

48 

0.6  an 

MW474-161 

4/3/74 

Pahoehoe, 

MH 

S.M 

9) 

67 

5 kn 

Collected  3 minutes 

interior 

after  solidification 

MU474-16U 

4/3/74 

Pahoehoe, 

MH 

S,  M 

119 

77 

5 kn 

Collected  3 minutes 

croat 

after  solidification 

MU474-162 

4/5/74 

Spatter 

ML 

s,c-u 

141 

57 

0 

MU474-163 

4/8/74 

Spatter 

MH 

S.H 

146 

53 

0 

MU474-168 

4/22/74 

Pahoehoe 

* 

162 

115 

5 a 

V*nt  F 

MU574-169* 

5/3/74 

Pahoehoe 

H 

S.H 

159 

62 

5 km 

Collected  a few  Hours 

after  solidification 

MU5 74-1 69b 

5/3/74 

Pahoehoe 

MH 

S.H 

151 

143 

5 km 

Collected  a few  hours 

after  solidification 

KU574-170 

5/6/74 

Spatter 

H 

s.u 

162 

83 

0 

MU574-1 7 1 

5/30/74 

Spatter 

L 

S.H 

155 

98 

0 

Watched  it  fall 

MU574-172 

5/31/74 

Pahoehoe 

ML 

L 

149 

127 

25  a 

KU674-173 

6/3-5/74 

(6/8/74) 

Spatter 

M 

s.u 

1*7 

82 

0 
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TaBLE  31.1.  — Sulfur  and  carbon  content*  and  other  characteristics  of  selected  lava  samples  from  KiLmtea  Volcano — Continued 

[For  bkmI  sAmplti.  the  date  given  a both  the  date  al  mpdon  «od  the  dale  at  temple  reflection;  where  they  tUTvr.  the  reflection  dale  n ipw  in  parentheses.  Relative  demuty  estimated  by  vmuaj 
inspection  at  temple  vesKidanty  before  crushing  H.  high,  MH,  moderately  Iwgh;  M,  moderate;  ML.  moderately  low,  L,  low;  VL,  my  low;  *.  demity  not  estimated  Physical  stale  cd  sample  at 
lane  <d  caflectam:  S,  sohd;  H.  hoi;  W.  «ina;  C,  coal;  L.  bejuad  Mae*  apetter  samples  reflected  in  the  immediate  vitality  at  the  veal,  approximate  distance*  from  wat  are  p*m  for  other  samples] 


Saaip  1« 

Dot*  erupted 

Materiel 

Relative 

Collection 

s 

C 

Distance 

Reaarka 

(Date  collected) 

density 

state 

Ctt/g) 

(m«/r) 

from  vent 

Summit  eruption,  July  19- 

22.  1974 

KIL774-1 

7/19/74 

Pahoehoe 

L 

L 

149 

84 

0 

KIL774-2 

7/19/74 

Spatter 

L 

Sf  H 

177 

81 

0 

Watched  it  fall 

ICIL7  74-6a 

7/20/74 

Pehoehoe 

M 

L 

107 

67 

0 

Fiaeure  F 

KIL275-10 

7/19/74 

(2/16/75) 

Spatter 

ML 

s,c 

166 

70 

0 

Fissure  A 

K1L275-1 1 

7/19/74 

(2/16/75) 

Spatter 

H 

s.c 

154 

159 

0 

RIL275-12 

7/19/74 

Fahoehoe 

M 

s.c 

110 

135 

0.5  k» 

Terminus  o(  (low  (ed 

(2/16/75) 

by  fissure  F 

K1L273-I3 

7/19/74 

Am 

H 

s.c 

111 

97 

2 tan 

Terminus  of  flow  fed 

(2/16/75) 

by  fissure  A 

Sceus l [ eruption,  September 

19,  1974 

KIL974-8 

9/19/74 

Spatter 

MH 

S,  H 

141 

64 

0 

KIL375-I4* 

9/19/74 

(3/24/75) 

Fahoehoe 

M 

s.c 

123 

139 

0 

KIU75-14b 

9/19/74 

Spatter 

ML 

s,c 

152 

114 

0 

Same  location  aa 

(3/24/75) 

KIL375-I4a 

KIL373-15 

9/19/74 

(3/24/75) 

Fahoehoe 

H 

123 

149 

1 km 

Claesy  akin  of  toe 

Southwest  flank 

eruption,  December  31, 

1974 

SWll 274-1 

12/31/74 

Spatter 

L 

S,  H 

135 

127 

0 

First  material. 

fissure  E 

SWR12  74-2 

12/31/74 

Spetter 

ML 

S.H 

122 

89 

0 

Last  material, 

fissure  E 

SWR12  74-3 

12/31/74 

Spatter 

L 

&.U-C 

192 

191 

0 

Fissure  1 

SW1U274-4 

12/31/74 

Spatter 

M 

S.C 

122 

35 

0 

Fissure  8 

SWR1274-5 

12/31/74 

Spatter 

MH 

S.C 

125 

137 

0 

Fissure  I 

SWW2  74-6 

12/31/74 

Spatter 

L 

S.c 

156 

147 

0 

Last  amterial. 

laat  fountain, 
fissure  D 

SWI173-7 

12/31/74 

Fahoehoe 

MH 

s.c 

65 

118 

1.5  km 

Average  S and  C 

(1/18/75) 

content  (or  entire 

sample 

SVR175-7a 

79 

117 

Classy  top  rim 

SWIU75-7b 

61 

92 

fine-grained 

interior 

SWR173-7C 

56 

144 

Fine-grained 

bottom  rim 

S««  75-fl 

12/31/74 

(1/18/75) 

Fahoehoe 

M 

s,c 

80 

110 

2.5  km 

SUR1  75-9 

12/31/74 

(1/18/75) 

Pehoehoe 

M 

$,c 

78 

142 

5.5  k. 

sum  75-10 

12/31/74 

(1/18/75) 

Aa 

H 

s,c 

48 

38 

5.5  km 

SUIU  75-11 

12/31/74 

Pehoehoe 

MH 

s.c 

58 

159 

9 k* 

Transit ional 

(1/18/75) 

pahochoe 

sum  75-12 

12/11/74 

Aa 

H 

s,c 

66 

200 

10-5  k* 

Weathered  - terminus 

(1/18/75) 

of  12/31/74  flow 

S tans  it  eruption,  tovember 

29,  1975 

RIL75-1 

1 1/29/75 

Pehoehoe 

L 

S.H 

334 

99 

400  n 

From  vent  A 

R IL75-2 

11/29/75 

(12/5/75) 

Spatter 

M 

S.C 

132 

38 

10  m 

From  vent  8-1 

R1L75-) 

(12/3/75) 

Spatter 

MH 

s.c 

160 

48 

0 

Irregular,  clinkery 

K1L75-4 

11/29/ 75 
(12/3/75) 

Cinder 

* 

S.c 

695 

49 

0 

Irregular 

RIL75-5 

11/29/75 

(12/4/75) 

Spatter 

L 

200 

69 

0 

K1L75-6 

11/29/75 

Fahoehoe 

M 

174 

44  3 

1 tax 

Average  S and  C 

(12/4/75) 

content  for  entire 

sample 

K1L75-44 

172 

163 

Cteaey  rim 

KtL75-6b 

179 

68 

Fine-grain  interior; 

vesicles  1-2  mn 

KIL75-6c 

173 

1099 

Fine-grained  basal. 

tiaj  vciiclet 
<1  me 
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Table.  31.2. — Sulfur  and  carbon  contents  and  other  characteristics  of  selected  lava  samples  from  the  July  5-6,  197 5,  summit  eruption  of  Mama  Loa  Volcano 

[For  Bnl  unpin,  ike  date  *n**i  i*  bo»k  thr  dm*  of  m*pl>r*i  and  thr  dal*  of  temple  colwiwti;  wh*»*  »h*y  differ.  the  coBectian  <istr  n pwn  m paranthncs.  Relative  dennt?  estimated  by  visual 
Mapw-tm  of  samplr  vnandUmy  krfutr  cnnliwg:  H,  high,  MH.  moderate!?  high.  M.  mndrrat*;  ML.  moderately  km*.  L.  love;  VI..  very  low;  * . density  not  estimated,  Physical  Mate  of  sample  at 
tune  of  collection  S.  solid.  H.  hoi.  W.  warm;  C.  cool;  L,  bond.  Mom  spatter  samples  collected  in  the  immediate  manky  of  the  «*M.  approximate  dhstanrea  from  vent  are  (pwa  for  other  sample*  ) 


Staple 

Date  erupted 
(Date  collected) 

Material 

Relative 

density 

Collection 

• tate 

S 

(w»/») 

C 

(u*/a> 

Distance 
f roe  vent 

Remarks 

MU75-1 

7/4/75 

Aa 

KH 

S.H 

48 

28 

5 kffl 

Red  hot  when 

collected  at  active 
(low  front 

ML775-17 

7/6/75) 

(7/15/75) 

Spattar 

ML 

s,c 

227 

199 

0 

ML77S-21 

7/6/75 

(7/15/75) 

Spattar 

H 

s,c 

108 

58 

40  ■ 

ML775-22 

7/6/75 

(7/15/75) 

Spatter 

ML 

s,c 

134 

52 

0 

ML775-23 

7/5/75 

(7/21/75) 

Spattar 

L 

s.c 

2 38 

205 

8 ■ 

HL775-24 

7/5/75 

(7/21/75) 

Pahoahoc 

L 

s,c 

196 

115 

0.5  kai 

ML775-26 

7/6/75) 

(7/29/75) 

Spatter 

ML 

s.c 

184 

73 

0 

ML775-27 

7/5/75 

(7/31/75) 

Aa 

H 

s.c 

28 

41 

2.5  k® 

TABLE  31.3.-—  Distribution  of  mean  sulfur  and  carbon  contents  in  spatter  from 
Kilauea  and  Mauna  Loa  Volcanoes 

TABLE  31.4. — Distribution  of  mean  sulfur  and  carbon  contents 
from  Kilauea  and  Manna  Loa  Volcanoes 

m pahoehoe 

Locacioo  and  month  of  eruption 

Number  at 
templet 

Mem  S 

< (•*'*> 

Mean  C 

(Pfl) 

Lotsuoo  tod  month  at  eruption 

Number  of 
Mm  pin 

Mean  S 
(WP'Rl 

.Me  an  C 
UMt'Ri 

45 

117 

96 

60 

152 

103 

14 

191 

99 

25 

153 

108 

3 

16* 

101 

3 

193 

114 

"ll  i 

2 

231 

64 

"f  Y/3  1 Y/l 

4 

245 

38 

3 

202 

139 

1 * a 

2 

141 

119 

9 

175 

65 

1 r>if\ ryTaiB 

15 

130 

68 

Summit  7.74 

3 

166 

103 

Summit  7:74 

3 

122 

95 

Summit  W74 

2 

147 

89 

Summit  974 

2 

123 

144 

Southwest  Bank  1274 

6 

142 

121 

Southwest  flank  1 2/74 

4 

70 

132 

Summit  11.75 

3 

164 

52 

Summit  1175 

2 

254 

271 

Mauna  Loa  Volcano  7.75 

5 

178 

117 

1 

196 

IIS 

and  for  spatter  (96  pg/g)  is  probably  not  significant,  even  though  the 
difference  is  compatible  with  the  presumed  greater  degassing  of  the 
aa  samples. 

Several  eruptive  products  other  than  the  three  general  types 
discussed  above  were  sampled  and  analyzed.  The  only  cinder 
sample  collected  (KIL73—4)  has  the  highest  sulfur  content  (695  pg/g) 
of  any  of  the  material  (excluding  the  stalactite)  we  analyzed  but  a 
low  carbon  content  (49  |xg/gX  The  relatively  low  carbon  content  is 
suggestive  of  little  posteruption  contamination;  therefore,  if  sulfur  has 
not  been  adsorbed,  then  the  sulfur  content,  which  is  similar  to  the 
mean  (660  pg/g)  for  submarine  basalts  (Moore  and  Fabbi,  1971 X 
perhaps  approaches  the  original  sulfur  content  of  the  basaltic  magma 
erupted  in  November  1975  at  Kilauea.  Two  pumice  samples 


(PH573-I  and  PH573-6X  collected  during  the  May  1973 
Kilauea  eruption  at  ftiuahi  and  Hiiaka  craters,  also  contain  high 
sulfur  contents  (213  and  210  pg/g,  respectively)  and  high  carbon 
contents  (437  and  181  pg/g,  rcspcctivelyX  Sample  PH573-I 
formed  during  the  highest  fountaining  observed  for  the  Pauahi- 
Hiiaka  eruption.  If  this  sample  was  not  contaminated,  then  the 
comparison  of  this  carbon  value  to  a spatter  sample 
(MU  1 173-120)  that  contains  only  14  pg/g  carbon  indicates  that 
almost  complete  degassing  of  C02  is  possible  during  eruption. 
Alternatively,  the  wide  ranges  in  sulfur  and  carbon  contents 
observed  for  the  cinder  and  pumice  samples  could  simply  reflect 
adsorption  trapping  of  plume  gases  during  high  fountaining,  as 
suggested  by  unpublished  data  of  L.  Paul  Greenland  of  the 


Digitized  by  Google 


798 


VOtjCANISM  IN  HAWAII 


TABLE  31.5.  — Distribution  of  mean  sulfur  and  carbon  contents  in  oa  from 
Kiiauea  and  Mauna  Loo  Volcanoes 


Location  and  mooih  c4  eruption 

N umber  of 
samples 

Mean  S 
:»**'*:' 

Mean  C 

Kiiauea  Volcano,  all  samples 

7 

96 

85 

Mauna  Ulu  2/72-5/73 

3 

80 

57 

Mauna  Ulu  12.73-674 

1 

208 

91 

Summit  774 

1 

111 

97 

Southwest  flank  12.74 

2 

57 

119 

Kiiauea  Volcano  totals 

7 

96 

85 

Mauna  Loa  Volcano  77S 

2 

38 

35 

Hawaiian  Volcano  Observatory  (written  commun.,  1985)  from  the 
Puu  Oo  eruption  on  Kiiauea  s east  rift  zone  that  began  in  1983 
(Wolfe  and  others,  chapter  1 7). 

A sample  of  red,  oxidized,  hollow-cored  stalactite 
(MU  1072-64)  taken  from  the  roof  of  an  active  lava  tube  through  a 
skylight  has  an  extremely  high  sulfur  content  of  1 5,025  pg/g  but  a 
low  carbon  content  of  68  pg/g.  The  high  sulfur  content  possibly 
resuhs  from  degassed  sulfur  volatiles  that  condensed  and  formed  a 
sulfide-mineral  phase  near  the  skylight  because  of  changes  in  tem- 
perature and  Eh  conditions.  The  very  low  carbon  content  suggests 
that  most  of  the  C02  degassed  before  the  lava  entered  the  lava  tube 
or  that  carbon  escaped  through  the  skylight  without  reacting  with  the 
wall  material. 

A sample  of  prehistoric  lava  (PH973-11)  from  the  wall  of 
Pauahi  crater  has  a very  low  sulfur  content  of  37  pg/g,  which  would 
place  it  in  the  range  of  modem  aa  samples  analyzed  in  this  study. 
The  moderate  carbon  content  of  106  pg/g  provides  no  clues  to  its 
origin  or  its  distance  from  the  vent,  because  carbon  abundances  vary 
greatly  in  all  categories  of  eruptive  products.  In  addition,  such  a 
prehistoric  (older  than  A.D.  1750)  lava  must  have  a higher 
probability  of  being  affected  by  atmospheric  carbon  contamination 
than  the  fresh  materials  erupted  during  1972-75  at  Kiiauea. 

Three  samples  of  pahoehoe  were  selected  for  analysis  of  sulfur 
and  carbon  contents  in  each  of  several  distinct  textural  zones  (glassy 
upper  rind;  fine  grained,  moderately  vesicular  interior;  and  glassy  or 
fine-grained,  slightly  vesicular  basal  rim)  for  comparison  with  results 
of  zoned  pillow  basalts  analyzed  by  Moore  and  Fabbi  ( 1 97 1 X Two 
samples  (MU373-98  and  SWRI75-7)  have  sulfur  content  high- 
est in  the  upper  glassy  rim  and  lowest  in  the  lower  rim.  Sample 
KIL75-6  showed  no  significant  variation  m sulfur  content  among 
the  zones.  Thus,  the  sulfur  distribution  in  our  zoned  subaerial 
pahoehoe  samples  generally  follows  the  trend  observed  by  Moore 
and  Fabbi  (1971)  for  zoned  submarine  pillow  basalts,  but  the  sulfur 
contents  in  the  pahoehoe  are  much  lower  The  carbon  distribution  for 
the  three  zoned  pahoehoe  samples  is  irregular,  most  probably 
because  of  posteruption  contamination;  carbon  was  not  analyzed  in 
the  Moore  and  Fabbi  pillow- basalt  study. 


VARIATIONS  IN  SULFUR  AND  CARBON 
CONTENT  WITH  DISTANCE  FROM  VENT 

Degassing  of  lava  during  fount aining  and  flow  from  the  vent 
has  been  previously  observed  and  documented  (Swanson,  1973; 
Swanson  and  Fabbi.  1973;  Gibson  and  others.  I975X  If  the 
degassing  process  is  efficient  and  systematic,  eruptive  products  that 
have  travelled  greater  distances  from  the  vent  should  show  pro- 
gressively lower  sulfur  and  carbon  contents. 

In  general,  sulfur  abundance  does  tend  to  decrease  with 
increasing  distance  from  the  vent,  the  greatest  loss  occurring  within  2 
km  of  the  vent  (fig.  31.2).  Sulfur  abundances  in  samples  collected 
2- 10  km  from  the  vent  do  not  show  a well-defined  decreasing  trend, 
indicating  that  variations  caused  by  differences  in  sample  type. 


DISTANCE  FROM  VENT,  IN  KILOMETERS 

FlCURE  31.2  — Sulfur  contents  at  Kiiauea  and  Mauna  Loa  lavas  plotted  against 
distance  from  eruptive  vent.  Red,  spoiler;  black,  pahoehoe;  blue,  u A.  Sulfur 
content  of  individual  samples.  B,  Mean  sulfur  content  of  samples  grouped  by 
distance  from  eruptive  vent.  Samples  collected  5-50  m from  vent  are  grouped 
together  and  tbe  mean  value  is  plotted  at  0.05  km. 
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DISTANCE  FROM  VENT,  IN  KILOMETERS 

Figure.  313.  — Carbon  cootoits  of  KiUuc*  and  Mauna  Lot  lavas  plotted  agauist 
distance  from  eruptive  venl.  Red,  spatter;  black,  pahorhoc;  blue,  aa.  A,  Carbon 
content  of  individual  samples.  B.  Mean  carbon  content  o ( samples  pooped  by 
distance  from  eruptive  vent.  Samples  collected  5-50  m from  vent  are  pooped 
together  and  the  mean  value  is  plotted  at  0.05  km. 

especially  for  pahoehoe,  are  greater  in  that  interval  than  those  related 
to  degassing  alone.  Although  the  distance  the  lava  flows  from  the 
vent  is  an  important  determinant  of  the  type  of  pahoehoe  formed,  it 
is  not  the  sole  control.  Swanson  (1973)  has  shown  that  the  original 
volatile  content,  the  rate  of  flow  of  the  lava,  the  gradient  of  the 
surface  over  which  the  lava  flows,  and  the  mode  of  lava  extrusion  all 
help  control  the  type  of  pahoehoe  formed.  Presumably  pahoehoe 
with  different  morphologies  and  volatile  contents  can  occur  at  the 
same  distance  from  the  vent;  the  sampling  in  our  study  was 
inadequate  to  permit  such  distinctions. 


FIGURE  31.4. — Sulfur  content*  of  Kilwea  and  Maun*  Loa  lava  sample*  plotted 
by  relative  denuty  estimated  Qualitatively  from  vwible  vniculanty  H,  htgb-  MH, 
moderately  High;  M.  moderate;  ML,  moderately  low;  L,  low;  VL.  very  low. 


Carbon  abundance  shows  little  apparent  correlation  with  dis- 
tance from  the  vent  (fig.  3I.3X  Although  the  highest  carbon  values 
do  occur  doses!  to  the  vent,  whatever  progressive  degassing  trend 
may  exist  is  obscured  by  contamination-caused  variations  in  total 
carbon  content.  If  immediate,  sudden  release  of  roost  carbon  vol- 
atiles occurs  during  the  initial  phases  of  the  eruption,  then  the  high 
carbon  contents  in  some  samples  collected  far  from  the  vent  are 
difficult  to  explain  and  are  almost  certainly  rdated  to  posteruption 
contamination. 

VARIATION  IN  SULFUR  AND  CARBON  WITH 
SAMPLE  DENSITY 

Sulfur  and  carbon  abundances  show  different  genera]  patterns 
when  plotted  against  relative  density  (figs.  31.4  and  31.5X 
Although  high  sulfur  contents  may  be  encountered  in  roost  of  the 
arbitrarily  defined  density  classes,  sulfur  values  generally  become 
lower  as  the  density  increases.  This  general  trend  corresponds  to  a 
decrease  in  lava  vesKularity  as  degassing  of  volatiles  progresses.  For 
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example,  Swanson  (1973)  noted  a 10-percent  decrease  in  lava 
vesicularity  that  he  attributed  to  gas  loss  during  4 km  of  flowage. 
Without  actual  measurements  of  the  density,  we  cannot  estimate  the 
average  decrease  in  vesicularity  with  lava  flowage,  but  our 
qualitative  data  affirm  the  occurrence  of  generally  lower  con- 
centrations of  sulfur  volatiles  in  denser,  more  degassed  lavas. 

A similar  plot  of  carbon  content  against  relative  density  (hg. 
31.5)  yields  an  almost  random  pattern.  The  highest  carbon  contents 
are  not  restricted  to  the  samples  with  lowest  density,  and  the  lowest 
carbon  values  are  distributed  almost  equally  among  all  density 
classes.  This  lack  of  correlation  is  compatible  with  the  notion  that 
carbon  volatiles  may  degas  rapidly  before  or  during  the  earliest  vent 
activity  rather  than  systematically  during  flowage.  The  wide  range 
and  scatter  in  carbon  contents  may  again  reflect  the  ease  of 
posteruption  contamination  of  the  samples. 

POSSIBLE  VARIATION  IN  SULFUR  AND  CARBON 
CONTENT  WITH  TIME 

Temporal  and  spatial  variations  in  the  chemical  composition  of 
Hawaiian  basalts,  even  those  formed  during  a single  eruption,  have 
been  well  documented  m many  previous  studies  (see,  for  example. 
Tilling  and  others,  chapter  24;  Wright,  1971;  Wright  and  others, 
1975;  Wight  and  Tilling.  I960;  Hoffman  and  others,  1984). 
Theoretically,  variations  in  the  volatile  content  of  the  eruptive 
products  might  be  expected  to  correlate  with  differences  in  the 
composition  of  the  magma  in  equilibrium  with  the  volatiles.  Swanson 
and  Fabbi  (1973)  suggested  that  the  differences  in  the  energy  level  of 
vent  fountaining  might  be  linked  to  changes  in  volatile  content  of  the 
magma;  the  most  vigorous  fountaining  indicated  the  highest  volatile 
content.  They  did  not  believe  that  the  original  volatile  content  of  a 
magma  could  be  estimated  by  analyzing  subacnat  eruptive  products, 
because  more  than  80  percent  of  that  content  would  have  been  lost. 
Swanson  and  Fabbi  (1973)  concluded,  however,  that  spatter  sam- 
ples would  retain  the  original  volatiles  better  than  any  other  eruptive 
product. 

Although  we  cannot  estimate  the  original  volatile  content  of  the 
magma  associated  with  each  eruptive  event,  we  have  plotted  the 
sulfur  and  carbon  content  of  spatter  as  a function  of  time  digs.  31.6, 
31.7)  in  an  attempt  to  ascertain  any  systematic  secular  changes  in 
volatile  content.  Sulfur  values  (fig.  31.6)  for  most  spatter  samples 
fall  in  the  range  125-250  p.g/g,  but  the  distribution  appears 
random  and  no  systematic  temporal  trend  is  apparent.  Spatter 
samples  collected  during  the  same  eruptive  suquence  may  vary  by  as 
much  as  130  p.g/g.  The  plot  of  carbon  content  versus  time  (fig. 
31.7)  shows  even  more  variation  than  that  for  sulfur.  Spatter  samples 
formed  during  the  same  eruption  may  differ  in  carbon  content  by  as 
much  as  1 56  (JLg^g.  Such  variations  indicate  that  many  more  analyses 
of  spatter  samples,  together  with  modifications  in  analytical  pro- 
cedure (such  as  stepwise  combustion  for  carbon  analysis X are 
needed  before  the  possible  existence  of  systematic  temporal  variations 
in  volatile  content  of  magma  can  he  tested  with  any  confidence. 
Furthermore,  recent  studies  of  volcanic  gases  from  Kilauea  rift 
eruptions  indicate  remarkable  uniformity  in  the  contents  and  propor- 


FlGURE  31.5.  — Carbon  cocilmti  of  KiUuea  and  Maun*  Loa  lava  samples  plotted 
by  relative  demit y estimated  qualitatively  from  visible  veucuianly.  H.  high;  MH. 
moderately  high;  M.  moderate;  ML,  moderately  low;  L,  low;  VL.  very  low. 


tions  of  the  carbon  and  sulfur  gases  (Greenland,  1984;  Gerlach  and 
Graeber,  1985;  Greenland  and  others,  I985X  Such  uniformity 
implies  that  the  magma  source  region  in  the  mantle  beneath  Hawaii  is 
very  homogeneous  in  volatile  contents  and,  correspondingly,  that 
variation  in  the  volatile  content  of  Hawaiian  eruptive  magmas  may 
be  so  slight  as  to  be  extremely  difficult  to  demonstrate  with  presently 
available  sampling  and  analytical  techniques. 

I 

DISCUSSION 

In  our  broad  survey  of  recently  erupted  subaerial  Hawaiian 
basahs.  the  total  sulfur  abundances  ranged  from  37  to  15,025  pg'g 
(median  value  153  |Xg/'g).  The  greatest  sulfur  abundances  were 
found  in  a stalactite  sample  and  wall  glaze  from  an  active  lava  tube. 
Presumably  the  stalactite  sample  served  as  a cold  surface  on  which 
sulfur  had  condensed  and  accumulated;  evidence  of  elemental  sulfur 
deposits  could  be  observed  on  the  sample.  The  sulfur  abundances 
| for  the  subaerial  basahs  we  analyzed  are  lower  by  a factor  of  4 to  6 
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DATE  Of  ERUPTION 

FIGURE  31.7. — Carbon  content  of  KiUura  and  Mauna  Loa  lava  ipattcr  sample*  plotted  by  date  of  eruption. 

than  those  reported  for  submarine  basaltic  glasses  (Des  Marais  and  rapid  accumulation  of  the  Archean  volcanic  pile,  allowing  little 
Moore,  1984;  Sakai  and  others,  1984).  interaction  with  seawater. 

Sulfur  abundances  for  ocean-floor  basalts  range  from  60  to  Carbon  abundances  of  the  basalts  we  analyzed  range  from  1 1 

990  pg/g  (Moore  and  Fabbi,  1971;  Moore  and  Schilling,  1973;  to  1,099  pg/g  (median  value  69  pg/g).  The  median  value  falls 
Killingley  and  Muenow,  1975;  Delaney  and  others.  1978;  Naldrett  within  the  range  of  total  carbon  values  reported  for  submarine 
and  others  1978;  Garcia  and  others,  1979;  Des  Marais  and  basalts  (see  Des  Marais  and  Moore,  1984;  Sakai  and  others, 
Moore,  1984;  Sakai  and  others.  I984X  The  upper  value  I984X  However,  our  range  of  carbon  contents  in  the  subaerial 
approaches  the  inferred  limit  of  saturation  for  lavas  dredged  at  water  basalts  of  Kilauea  and  Mauna  Loa  is  considerably  greater  (by  a 
depths  exceeding  200  meters  (Moore  and  Calk,  1971;  Mathez,  factor  of  4-5)  than  that  for  submarine  basalts,  contrary  to  what 
1976).  Swanson  and  Fabbi  (1973)  noted  that  recent  subaerially  would  be  expected  from  subaerial  (degassed)  samples.  Although 
erupted  basalts  contain  50  to  2,000  pg/g  S,  with  the  lower  value  additional  factors  may  help  account  for  this  anomaly,  we  suspect  that 
typical  of  degassed  samples  and  the  upper  value  characteristic  only  posteruption  contamination  by  atmospheric  carbon  is  roost  likely  the 
of  glass  inclusions  in  phenocrysts  (Anderson,  1974).  Naldrett  and  principal  cause  of  the  wide  dispersion  observed  m our  data. 
Goodwin  (1977)  and  Naldrett  and  others  (1978)  found  that  the  In  terrestrial  basalts,  carbon  is  present  usually  as  CO2.  the 

sulfur  contents  of  Archean  basalts  range  between  zero  and  8,000  second  most  abundant  volatile  associated  with  volcanic  systems, 
pg/g,  with  a maximum  frequency  near  1,000  pg/g.  Their  inter-  Most  other  volcanic  gases  are  far  more  soluble  in  basaltic  melts  than 
pretation  of  these  S concentrations,  which  are  extraordinarily  high  CO2  (Anderson,  1975X  and  this  carbon  gas  species  should  domi- 
compared  to  those  of  recent  basalts,  is  that  the  retention  of  sulfur,  nate  the  vapor  phase  at  fairly  high  pressures  (about  400  MPa),  in 
despite  extensive  redistribution  by  metamorphism,  resulted  from  the  accordance  with  the  experimental  data  of  Kadik  and  others  (1972). 
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Because  the  samples  analyzed  in  this  study  were  powders,  most  or 
ail  of  the  carbon  dioxide  that  might  have  been  present  within  vesicles 
in  the  rock  has  been  lost  during  sample  preparation.  The  total 
carbon  abundances  we  measured  represent  the  combined  contribu- 
tions of  magmatic  carbon  (dissolved  C02  in  the  glass)  and  nonmag- 
matic  carbon  acquired  by  the  sample  after  eruption.  Some  of  the 
samples  contained  olivine  phenocrysts,  generally  making  up  less  than 
2 percent  of  the  sample,  and  these  phenocrysts  were  not  removed 
from  the  sample.  Any  C02  inclusions  in  the  phenocrysts  therefore 
also  contributed,  though  probably  only  a minor  amount,  to  the  total 
carbon  abundance.  For  several  submarine  basalts  from  Kilaueas 
east  rift  zone,  the  carbon  dissolved  in  the  glass  (released  at 
combustion  temperatures  1,200  to  1,270  °C)  constituted  49  to  85 
percent  of  the  total  carbon  abundance  (Des  Marais  and  Moore, 
1984,  table  I)  However,  for  a subacrial  Kilauea  basalt  they 
analyzed,  the  carbon  released  in  the  high -temperature  combustion 
represented  only  5 percent  of  the  total  carbon. 

For  subaerial  basaltic  volcanism,  Swanson  and  Fabbi  (1973) 
on  the  basis  of  limited  data,  suggested  that  carboo  dioxide  volatiliza- 
tion does  not  vary  appreciably  with  fountaining  activity  or  with 
distance  of  lava  flowage.  If  this  is  so,  it  implies  that  because  of  its  low 
solubility  in  basaltic  meh,  C02  escapes  very  rapidly  during  the  onset 
of  eruptive  activity  and  during  the  effervescent  stage  immediately 
preceding.  In  addition,  recent  studies  of  volcanic  gases  at  Kilauea 
(GerUch  and  Graeber,  1985;  Greenland  and  others,  1985;  Green- 
land, in  press)  indicate  that  substantia]  loss  of  C02  from  the  magma 
may  occur  during  storage  in  the  volcanos  summit  reservoir  (at  a 
depth  of  2-6  km)  In  order  to  obtain  a direct  estimate  of  the 
magmatic  carbon  in  subaerially  erupted  basalts  and  of  the  variations 
in  its  abundance  induced  by  degassing,  it  would  require  delermina 
tion  of  individual  abundances  for  the  various  forms  of  carbon  that  1 
contribute  to  the  total  carbon  abundance.  Such  studies  would  need 
to  use  analytical  procedures  involving  stepwise  combustion  and 
sample  preparation  methods  similar  to  those  used  in  the  recent 
detailed  studies  of  submarine  basalts  (for  example.  Des  Marais  and 
Moore,  1984)  We  hope  that  our  broad  data  base  of  total  carbon 
and  sulfur  abundances  in  fresh  subaerial  basalts  from  Kilauea  and 
Mauna  Loa  will  provide  a starting  point  for  the  subsequent,  more 
systematic  studies  required  to  evaluate  the  carbon  budget  in  the 
subaenal  eruption  and  attendant  degassing  of  basaltic  lavas. 
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VARIATION  OF  513C  IN  FUMAROLIC  GASES  FROM  KILAUEA  VOLCANO 

By  Irving  Friedman,  Jim  Gleason,  and  Trevor  Jackson 


ABSTRACT 

Values  of  h,3C  in  fumarolic  gases  from  Sulphur  Bank,  the 
Puhimau  thermal  area,  and  a fumarole  at  Halemaumau  have 
been  determined  for  samples  collected  from  June  1984  through 
December  1985.  Samples  from  Sulphur  Bank  and  Halemaumau 
have  a 6,3C  of  - 3.5  ± 0.2  parts  per  thousand  ( permil ) and  show 
little  change  during  this  period.  In  contrast,  the  5,JC  of  samples 
from  the  Puhimau  thermal  area  increased  from  - 3.5  to  values  j 
of  - 2.7  permil  at  the  end  of  the  collection  period.  Applying  an 
equilibrium  fractionation  factor  of  1.004  for  the  ,3C  distribution 
between  carbon  dissolved  in  the  magma  and  the  COz  gas  in 
equilibrium  with  the  magma  resulted  in  a calculated  primary 
S,3C  value  of  - 7.5  permil  for  carbon  dissolved  in  the  Kilauea 
magma.  The  change  of  5,3C  at  Puhimau  can  be  the  result  of 
cooling  of  a pod  of  magma  beneath  Puhimau  caused  by  the 
closure  of  its  feeder  passage  from  the  main  magma  body. 

INTRODUCTION 


The  6,3C  values  of  fumarolic  gases  are  of  interest  for  several 
reasons.  The  isotopic  composition  of  mantle  carbon  is  still  a matter 
of  conjecture,  and  the  isotopic  composition  of  mantle-derived  gases  is 
of  importance  in  understanding  the  carbon  cycle.  Fumarolic  gases 
are  an  important  source  of  C02  to  the  atmosphere,  and  a knowledge 
of  the  8,3C  of  such  gases  will  help  in  understanding  the  atmospheric 
C02  cycle. 

The  first  analyses  of  fumarolic  gases  from  Hawaii  were  made 
by  Naughton  and  Terada  (1954}  Conversion  of  their  published 
atomic  ratios  to  modern  6 notation  gives  the  following  values  in  parts 
per  thousand,  permil  to  a precision  of  about  ±2  permil. 


Sulphur  Bank  fumarolic  gas 

1949,  Mauna  Loa  in  eruption  0 permil 

1952,  Kilauea  in  eruption  0 permil 

1953,  both  volcanoes  quiet  0 permil 

Gas  collected  from  Mauna  Loa  lava  flow  — 24  permil 

C02  attracted  from  1950  Mauna  Loa  olivine  basalt  - 19  permit 


Those  authors  commented  on  the  constancy  of  the  Sulphur 
Bank  ratios  and  on  the  relative  enrichment  of  Sulphur  Bank  samples 
in  1 *C  as  compared  to  the  gas  extracted  from  the  chilled  lava  or  from 
above  the  active  lava  flow.  Ihomas  (1977)  reported  data  on  samples 
collected  at  Sulphur  Bank  as  well  as  at  1971  and  1974  fissures  at 
Halemaumau.  His  data  are  given  in  table  32.1. 


EXPERIMENTAL  PROCEDURE 

In  order  to  determine  whether  the  variations  found  by  Thomas 
were  related  to  eruptive  events,  we  initiated  frequent  sample  collec- 


tions at  Sulphur  Bank,  Halemaumau,  and  at  the  Puhimau  thermal 
area.  Samples  were  collected  by  drawing  the  gases  with  a hand 
vacuum  pump  through  a metal  sample  tube  fitted  with  valves  at  both 
ends.  The  samples  have  been  shipped  to  our  laboratory  in  Denver 
where  they  were  drawn  through  a metal  trap  cooled  with  liquid 
nitrogen.  After  the  water  was  separated  from  the  C02  at  dry  ice 
temperature,  S02  was  separated  from  the  C02  by  distillation  at  the 
temperature  of  melting  ethanol.  Analysis  for  81  *C  was  carried  out  in 
the  conventional  manner  on  a 12-inch,  triple-collector  90°-sector 
mass  spectrometer. 


RESULTS 

Our  results  are  given  in  table  32.2  and  plotted  in  figure  32. 1 . 
Analysis  of  probable  errors  indicates  two  standard  deviations  (2tr) 
equal  0. 1 permil. 

There  does  not  appear  to  be  any  correlation  between  5IJC 
values  of  gases  collected  at  any  of  the  three  collection  sites  and  the 
short-term  phases  of  the  eruption  at  Puu  Oo. 


Tabu.  32-1.—  Value*  afh^C  obtained  by  Thoma*  (1977)  for  tamplet  of 
fumarole  from  Sulphur  Banl(,  Kilauea  Volcano,  Hatoatt 
(Vdhm  n*m  n proud  (ports  per  thousand  1 1 


Loonsoo 

Due 

Sulphur  Rank 

5 Aug  75 

-3.2 

-2.6 

18  Aug  75 

-3.4 

-2.3 

8 Nor  75 

-3.2 

3.0 

Dec  75 

2.5 

13  Aug  76 

-3.4 

17  Aug  76 

-3.4 

13  Aug  76 

- 3.0 

1 Dec  76 

-2.7 

28  Dec  76 

-3.5 

28  Jan  77 

-3.3 

1971  fissure 

13  Aug  75 

-3  4 

19  Aug  75 

-3.2 

8 Nor  75 

-3.3 

-3.2 

1 Dec  75 

-3.3 

9 Aug  76 

-3.2 

-3.3 

26  Aug  76 

-3.4 

-2.8 

13  Oct  76 

-2.8 

-3.5 

1 Dec  76 

-3.2 

28  Dec  76 

-4  2 

29  Dec  76 

-3.6 

1974  fissure 

29  Jan  77 

-3.1 

10  Feb  77 

-3.0 
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Table:  32.2.—  Vofao  of  8,JC /or  utmplfi  of  fumarolic  got  flam  tacoMa  on 
Kilauea  Volcano,  Ham it 

(Value*  (p*rn  in  prmul.  date  u date  of  <rJkcl*»  at  vimpV| 


One 

Puhimau 

Hairmeumau 

Bank 

MM 

26  June 

-3.6 

-3.5 

— 

25  July 

-3.2 

-3.8 

-3.9 

6 Aug 

-3.1 

-3.6 

-3.2 

24  Aug 

-3.0 

-3.2 

-3.4 

11  Sept 

-3.3 

-3.6 

— 

19  Sept 

-3.2 

-3.5 

-3.3 

26  Sept 

-4.0 

-3.9 

-3.3 

20a 

-3.0 

-3.6 

-3.5 

12  0a 

-3.2 

-3.1 

-3.4 

29  Oct 

-2.7 

-3.5 

-3.5 

31  Oct 

-2.8 

-3.6 

-3.4 

13  Nov 

-2.5 

-3.5 

-3.5 

27  Nov 

-2.7 

-3.5 

-1.4 

4 Dec 

-2.7 

-3.4 

-3.3 

10  Mar 
21  Mar 

1 Apr 

3 Ape 
12  Apr 

19  Apr 
1 May 

14  May 

20  May 
31  May 

4 June 
17  June 
24  June 
28  June 

3 July 

19  July 

24  July 
9 Aug 

20  Aug 
U Sept 
23  Sep< 

30  Set* 

4 Oct 

11  Oct 
16  Oct 

25  Oct 

31  Oct 
8 Nov 
14  Nov 
19  Nov 
22  Dec 
30  Dec 


-2.9 

-3.5 

-3.3 

-2-9 

-3.5 

-3.4 

-2.9 

...... 

- 3.1 

— 

-3.3 

-2.6 

-3.4 

-2.6 

1-1.9 

-3.1 

-2.6 

-3.0 

-3.1 

-2.6 

— — 

-3.0 

-2.7 

-3.1 

-3.3 

-2.6 

-3.5 

— — 

-2.7 

...... 

-3.4 

-2-7 

-3.5 

-3.5 

-2.7 

-3.5 

-3.2 

-2.7 

-3.4 

-3.6 

-2.8 

-3.4 

-3.3 

-2.6 

-3.3 

-3.7 

-2.7 

-3.3 

-3.4 

-2,6 

-3.4 

-3.4 

-2.8 

-3.3 

-3.5 

-2.8 

-3.4 

-3.5 

-2.5 

-3.2 

-3.3 

-2.6 

-3.5 

-3.2 

-2.7 

-3.3 

-3.3 

-2.7 

...... 

— — 

-2.8 

-3.7 

-3.6 

-2.7 

-3.4 

— — — 

-2.1 

-3.3 

-3.5 

-2.7 

-3.4 

-3.4 

-2.1 

-2.8 

-3.5 

-1.9 

-3.3 

-3.4 

-3.2 

-3.5 

-3.5 

-3.2 

-3.5 

3.4 

have  m>  etpUfutmn  for  ihit  apparent 


value. 


DISCUSSION 

Pineau  and  others  (1976)  found  the  5’K!  of  C02  released 
from  vesicles  in  tholeiitic  basalt  from  the  mid-Atlantic  ridge  to  be 
-7,6  ±0.5  permil  and  postulated  that  this  value  represents  the 
8' HI  of  primary  deep-sealed  carbon  m the  ridge  area.  Mattey  and 
others  (1983)  postulated  that  the  5'  *C  of  volcanic  carbon  is  - 4.2 
to  - 7,5  for  basalt  midocean  ridges,  - 2.8  to  — 6.7  permil  in  glass 
from  Hawaiian  and  Explorer  Seamounts,  and  —7.7  to  — 16.3 
permil  for  glass  from  basahs  in  backarc  basins. 

The  8,3C  of  dissolved  carbon  in  11  samples  of  glass  from 
midocean  basalt  was  determined  by  Des  Marais  and  Moore  (1984) 
to  range  from  —5.6  to  —7.5. 

Javoy  and  others  (1978)  determined  experimentally  that  CO^ 
in  equilibrium  with  carbon  dissolved  in  tholeiitic  magma  at 
1.120-1,280  °C  and  7.0-8.4  Kb,  is  enriched  in  ,3C  by  4.0  to 
4.6  permil  relative  to  the  magma.  Therefore,  if  basaltic  magma 
containing  dissolved  carbon  with  a 8,3C  of  —7.5  permil  loses 
carbon  dioxide  to  the  atmosphere,  we  can  expect  that  the  initial 
fumarolic  C02  will  have  a 81  HI  of  about  — 3 to  —3.5  permil.  Our 
results  obtained  at  Halcmaumau  and  Sulphur  Bank  agree  with  these 
expected  values. 

If  the  magma  continues  to  lose  C02  in  an  equilibrium  distilla- 
tion (a  Rayleigh  processX  then  the  8' 3C  of  the  C02  will  continu 
ously  decrease  as  the  amount  of  carbon  in  the  magma  decreases  with 
time  because  of  C02  loss. 

The  fairly  constant  81  K.  of  the  gases  sampled  at  Halemaumau 
and  Sulphur  Bank  indicate  that  only  a small  amount  of  C02  is  lost 
from  a large  amount  of  magma,  or  that  new  magma  enters  the  system 
in  a continuous  manner. 

The  increase  of  8,3C  with  time  observed  at  Puhimau  thermal 
area  can  be  explained  by  a decrease  in  the  temperature  of  isotopic 
equilibration  from  about  1,250  to  1,100  °C-  This  could  occur  by 
the  cooling  of  a small  pod  of  magma  isolated  by  interruption  of  Us 
feeder  dike  from  a larger  magma  body,  which  has  been  the  source  of 
heat  for  the  thermal  area  since  its  formation  in  1936  or  1937.  If  this 
explanation  is  correct,  the  isolation  must  have  occurred  just  before 
our  initial  sampling  in  late  June  1984.  The  decrease  m 8,JC 
observed  in  December  1985  may  be  due  to  reintroduction  of  fresh 


The  8'  *C  values  of  gases  from  both  Halemaumau  and  Sulphur 
Bank  appear  to  be  fairly  constant  at  —3. 5 ±0.3  permil,  in 
reasonable  agreement  with  the  results  of  Thomas.  We  plan  to 
continue  to  research  long  enough  to  determine  if  this  constancy  of 
8,3C  will  persist  during  periods  of  quiescence  at  Kilauea. 

Gases  emitted  at  the  Puhuuau  thermal  area  show  greater 
variation  and  indicate  an  increase  m 8I3C  from  — 3.6  permil  in  late 
June,  1984.  to  -2.7  permil  in  November,  followed  by  a slow 
decrease  to  -2.9  permil  in  March  1985.  I3ie  8!,C  at  Puhimau 
remained  constant  until  early  November,  when  it  increased  to 
-1.9,  and  then  decreased  to  -3.2  in  late  December.  These 
changes  may  have  been  caused  by  a temperature  decline  in  the  gas 
source,  related  to  either  cooling  of  an  isolated  body  of  magma 
beneath  the  thermal  area  or  to  withdrawal  of  magma  from  under  the 
site,  followed  ui  December  by  reintroduclion. 


magma  beneath  the  site. 

Monitoring  the  8’ HI  of  fumarolic  C02  at  Kilauea  can  yield 
important  insights  into  magma  movement  and  the  opening  and 
I closing  of  feeder  dikes. 
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Figure  32.1.— Variation  of  8'  *C  in  samples  of  fianaroUc  gas  from  three  localities  on  Kdauea  Volcano,  Hawaii. 


Naught  on,  J.J, , and  Tcrada,  K, . 1954.  Effect  of  eruption  of  Hawaiian  volcanoes  on 
the  composition  and  carbon  isotopic  composition  of  associated  volcanic  and 
fumarobc  gases:  Science,  v.  120,  p.  580- SSI. 

Pmeau,  F.,  Javoy,  M-,  and  Bottinga,  Y.,  1976,  ,jO,2C  ratios  of  rocks  aod 
inclusions  m popping  rocks  of  the  Mid-  Atlantic  Ridge  and  thesr  bearing  on  the 


problem  of  isotopic  composition  of  deep-sealed  carbon:  Earth  and  Planetary 
Science  Letters,  v.  29,  p.  413-421. 

Thomas,  D.M..  1977.  The  isotopsc  profile  of  gases  from  the  summit  and  dank  of 
Kilauea  Volcano.  Honolulu,  University  of  Hawaii,  Department  of  Chemistry, 
Ph.  D.  thesis. 


Digitized  by  Google 


VOLCANISM  IN  HAWAII 
Chapter  33 


HELIUM  AT  KILAUEA  VOLCANO 

Part  I 

Spatial  and  Temporal  Variations  at  Sulphur  Bank 

By  Irving  Friedman  and  G.  Michael  Reimer 


ABSTRACT 

A survey  of  helium  in  soil  gas  wai  conducted  at  Sulphur 
Bank,  Kiiauea  Volcano.  The  resulting  helium*  isograd  map 
shows  the  highest  helium  abundance  in  an  area  about  75  m 
southwest  of  the  experimental  well  drilled  about  50  years  ago. 

Variation  of  helium  abundance  over  time  was  investigated 
using  an  automated  helium  analyzer  installed  adjacent  to  Sul- 
phur Bank.  The  gas  effluent  from  a new  well  drilled  at  Sulphur 
Bank  was  piped  to  the  instrument.  The  gas  was  analyzed  every 
3 hours  and  the  equipment  was  operated  periodically  for  2 
years.  Helium  data  from  July  1982  to  August  1984  show 
periods  of  higher  helium  from  August  1982  to  January  1983  and 
again  from  February  to  August  1984. 

INTRODUCTION 

In  1978,  a helium  sniffer  shipped  from  Denver  to  the 
Hawaiian  Volcano  Observatory  was  used  by  Irving  Friedman  and 
Ted  Denton  to  conduct  a survey  of  helium  in  soil  gas  at  Sulphur 
Bank,  on  Kiiauea  Volcano.  In  order  to  conduct  this  survey, 
sampling  was  carried  out  by  first  pounding  a thick-wall  steel  tube  of 
6~mm  (0.25-in)  diameter  into  the  ground  to  a depth  of  about  0. 5 m. 
A rubber  septum  was  attached  to  the  top  of  the  tube  and  a plastic 
hypodermic  syringe  was  used  to  withdraw  a gas  sample.  Imme- 
diately upon  withdrawal  of  the  sidehole  hypodermic  needle  from  the 
septum,  the  hole  in  the  needle  was  sealed  by  placing  a piece  of  close- 
fitting,  soft  silicone-rubber  tubing  over  the  needle.  At  the  labora- 
tory, the  gas  sample  was  injected  from  the  syringe  through  another 
rubber  septum  into  the  inlet  system  of  the  helium  mass  spectrometer. 
The  spectrometer  response  was  calibrated  by  frequent  injections  of 
gas  standards  of  known  helium  content.  Errors  in  the  sampling  and 
analysis  process  are  estimated  to  be  less  than  ± 5 percent  of  the 
amount  of  helium  present.  The  data  from  this  survey  at  Sulphur 
Bank  are  given  in  figure  33.1. 

The  uranium  and  thorium  contents  of  soil  derived  from 
Hawaiian  basalt  are  very  low,  and  the  parent  rocks  at  Kiiauea  are 
very  young.  Thus,  these  soils  contain  very  little  helium  derived  in 
place  from  radioactive  decay  of  uranium  and  thorium.  Ilic  content  i 
of  helium  in  the  soil  gas  at  Sulphur  Bank,  however,  is  very  high,  even 
compared  to  that  in  soils  developed  on  old  granitic  rocks,  in  which 


the  concentrations  of  uranium  and  thorium  are  orders  of  magnitude 
greater  than  at  Sulphur  Bank. 

The  high  helium  content  of  the  soil  gas  at  Sulphur  Bank 
reinforced  the  authors’  earlier  inference  that  Sulphur  Bank  taps  a 
deep  magma  source,  even  though  it  does  not  appear  to  be  along  a 
major  rift  zone. 
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PRESENT  SURVEY 

Shortly  after  the  completion  of  the  (earlier)  survey  of  Friedman 
and  Denton,  Thomas  and  Naught  on  (1979)  observed  changes  in 
the  ratio  of  helium  to  carbon  dioxide  at  both  Sulphur  Bank  and 
Halemaumau  before  inflation  and  eruptive  events  at  Kiiauea. 

In  1979  we  decided  to  install  at  Sulphur  Bank  an  automated 
helium  analyzer  similar  to  that  at  a site  5 miles  north  of  Gardiner, 
Montana,  near  Yellowstone  National  Pkrk  (Friedman  and  others, 
in  press). 

A new  well  at  Sulphur  Bank  was  successfully  drilled  about 
100  m east  of  the  old  well  (see  fig.  33. 1 ) The  well  was  drilled  to  a 
depth  of  about  25  m,  and  the  upper  1 3 m was  cased  with  heavy-wall 
stainless  steel  pipe.  The  new  well  is  shown  in  figure  33.2.  Although 
the  well  casing  was  not  cemented  in  place,  alteration  of  the  surround- 
ing rock  by  the  acid  gases  emitted  along  the  casing  has  resulted  in 
self-sealing  of  the  casing.  A slight  positive  gas  pressure  is  observed 
in  the  casing. 

The  helium  sniffer  was  placed  in  a trailer  parked  in  the  Park 
Service  service  area  above  Sulphur  Bank  l\li  (see  fig.  33.3).  A 12- 
mm-diameter  polyethylene  tube  inside  a protective  polyethylene  pipe 
was  used  to  convey  the  gas  sample  from  well  to  trailer,  a distance  of 
100  m,  including  30  m of  vertical  rise. 
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Figure  33.1.  — Distribution  of  helium  abundance  in  toil  gas  m the  Sulphur  Bank  area.  Kilauea  Volcano.  Hawaii.  For  location  of  Sulphur  Bank,  s re  figure  33-6. 


Several  attempts  were  made  to  condense  the  steam  emitted  by 
the  well  before  it  entered  the  polyethylene  tube.  Some  schemes 
would  work  during  dry  periods  when  the  steam  flow  was  minimal, 
only  to  fail  during  increased  steam  flow  associated  with  rainy 
intervals.  In  addition,  metal  condenser  parts  corroded  at  a very 
rapid  rate,  particularly  at  junctions  of  dissimilar  metals.  This 
problem  was  eventually  solved  by  making  all  the  wellhead  fittings  of 
Kynar  plastic.  A teflon  tube  connects  these  wellhead  fittings  to  the 
steam  condenser,  which  consists  of  13  m of  37-mm-diameter  thick 
wall  copper  pipe  drained  through  a U-shaped  tube.  We  found  that 
the  first  few  meters  of  copper  pipe  would  corrode  completely  through 
in  about  6 months,  and  it  was  replaced  as  needed.  All  parts,  except 


FlGL’RE  33.2. — WeUhead  of  now  well,  completed  1979,  for  tampkng  sod  gas  al 
Sulphur  Bank,  Kilauca  Volcano  \JTirte  teflon  tube  rimes  gas  from  actual 
wellhead  (left)  to  end  of  dark  copper  condensing  lube  Note  U shaped  glass  tube 
(about  IS  cm  high)  that  allows  condensed  water  to  escape  but  prevents  air  from 
entering 


for  the  two  copper  pipes  joined  with  a plaslic  coupling,  are  now 
plastic. 
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Fk.L'HL  33.3. — Aerul  view  of  Sulphur  Bank  aica.  Kilducd  Volcano,  thowuiK  location  of  old  and  new  gas  wrJIt  and  of  trailer  containing  helium  sniffer  (under  comer  of  rain 

Ml 


A small  vacuum  pump  continuously  pumped  the  well  at  about 
100  mL7min.  In  order  to  remove  water  vapor  that  was  not  removed 
by  the  copper  condenser  pipe  at  the  well  site,  the  gas  was  passed 
through  a silica-gel  trap  before  entering  the  mass  spectrometer 
sampling  system. 

At  regular  intervals  (hourly  at  first,  later  changed  to  every  3 
hours)  the  valve  was  opened  automatically  to  admit  a sample  into  the 
helium  spectrometer  for  analysis.  Immediately  before  and  after  each 
sample  analysis,  an  aliquot  of  standard  gas  was  analyzed,  and  after 
the  second  standard,  a sample  of  ambient  air  was  also  analyzed. 
The  results  of  these  analyses  were  recorded  on  analog  charts,  an 
acample  of  which  is  shown  in  figure  33.4. 

Besides  this  automated  mode  of  operation,  it  was  possible  to 
manually  inject  samples  and  compare  the  results  to  those  for  the 
standard  gas.  Approximately  once  a day,  a sample  of  gas  was 
collected  manually  at  the  wellhead  by  a sidehole  hypodermic  needle 
through  a rubber  septum;  it  was  then  analyzed  manually  on  the 
automated  instrument.  These  manually  collected  samples  were  used 
as  a check  on  the  operation  of  the  automated  system.  In  general, 


results  from  the  two  types  of  samples  agreed  within  experimental 
error  ( ± 50  ppbX 

For  a time,  until  the  failure  of  the  western  GOES  satellite,  we 
were  able  to  telemeter  the  results  of  the  analysis  via  satellite  to 
Wallops  Island,  Virginia  and  by  land -line  to  Denver. 


RESULTS 

The  helium  concentrations  in  the  samples  show  both  short -term 
and  long-term  changes,  as  well  as  one  abrupt  change  that  preceded 
the  January  1983  east -rift -zone  eruption  (fig.  33.5).  From  August 
1982  through  December  1983.  the  helium  content  decreased  from 
about  1 1 ppm  to  8 ppm.  The  helium  content  then  rose  again  from 
about  8 ppm  in  mid  January  1984,  to  16  ppm  in  mid-July  1984  at 
which  time  the  instrument  was  decommissioned.  An  abrupt  decrease 
occurred  during  December  21  -28,  1982,  coinciding  with  a hydro- 
gen-gas increase  noted  on  Kilauea  (McGee  and  others.  1984)  and 
preceding  the  January  1983  eruption. 
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FlGL'RE  33.4.  - Kxamplr  d segment  ef  instrument  chart  from  the  helium  sniffer  a* 
Sulphur  Bank,  thawing  a typical  hrlium  analysis. 


Other  large  and  abrupt  changes  in  helium  abundance  have 
been  observed  for  which  there  » no  obvious  correlation  with  eruptive 
or  meteorological  events.  If  there  is  a link  between  the  gas  events  and 
the  east -rift -zone  eruptions,  we  suspect  that  a change  in  the  pressure 
regime  of  the  magma  source  feeding  the  eruption  should  have  been 
sufficient  to  be  seen  throughout  the  caldera. 

Although  the  installation  was  automatic,  it  required  weekly 
maintenance  of  the  filters  and  occasional  servicing  of  the  mass 
spectrometer.  Because  the  project  investigators  resided  in  Denver 
and  could  only  visit  the  field  site  periodically,  suitable  personnel  were 
not  continuously  available  near  the  site,  and  even  the  usual  teething 
problems  required  a long  time  to  solve.  These  difficulties  finally  led 
us  to  abandon  the  effort  and  to  substitute  daily  manual  sample 
collection,  the  samples  being  mailed  to  Denver  for  analysis. 


CONCLUSIONS 

The  map  of  helium  abundance  in  soil  gas  at  Sulphur  Bank  (fig. 
33. 1 ) shows  a high  concentration  of  helium  in  the  vicinity  of  the  old 
experimental  well  drilled  in  the  1920s. 

Although  helium  abundance  m the  gases  emitted  from  the 
newly  drilled  well  vary  with  time  (fig.  33. 5X  we  were  not  able  to 
correlate  these  variations  conclusively  with  eruptive  events  during  the 
two  years  in  which  we  have  collected  data.  A longer  term  record 
would  be  desirable,  and  this  is  now  being  collected. 


REFERENCES 

Friedman,  I.,  Jurceha.  J..  Doermg.  W.„  Long.  W..  and  McNair,  D..  m pees*.  An 
automated  helium  analysis  station.  U.S.  Geological  Survey  Professional  Paper 
McGee.  K.A.,  Soil  on.  A.J.,  and  Salo,  M-,  1984,  Observations  of  hydrogen  gas 
events  poor  lo  volcanic  sesmucity  [aba.]:  International  Chemical  Congress  of 
Pacific  Basin  Societies,  American  Chemical  Society,  Honolulu,  December 

16-21.  1984 

Thomas.  D.M.,  and  Naught  on.  J.J..  1979.  Hekum/carbon  dioxide  ratios  » 
presnon ilors  of  volcanic  activity:  Science,  v.  204,  pi  1195-1196. 


Digitized  by  Google 


HELIUM  CONTENT.  IN  PARTS  PER  MILLION 


33  HELIUM  AT  KILAUEA  VOLCANO  PART 


813 


FIGURE  33.5.  — Variation  of  helium  abundance  in  *otl  gas  at  Sulphur  Bank,  Kilauea  Volcano,  from  July  1982  to  July  1984.  AH  readings  on  samples  from  new  gas  wHI. 
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HELIUM  AT  KILAUEA  VOLCANO 

Part  II 

Distribution  in  the  Summit  Region 

By  G.  Michael  Reimer 


ABSTRACT 

A helium  toil-gat  survey  was  performed  in  the  tummit 
region  of  Kilauea  Volcano,  Hawaii.  The  average  concentration 
found  wat  about  5,250  partt  per  billion,  only  a little  in  excett  of 
the  atmotpheric  concentration  of  5,240  partt  per  billion.  High 
helium  concentration!  are  not  alwayt  attociated  with  iteaming 
areat  which  are  mott  likely  retponding  to  meteoric  water 
reacting  with  hot  tubturface  rocks.  One  anomalous  area  at 
Sulphur  Bank  and  Steaming  Bluff  contained  over  8,000  partt 
per  billion  helium  and  it  interpreted  at  originating  from  at  least 
at  deep  at  the  Kilauea  magma  retervoir  and  possibly  from  a 
mantle  source.  The  anomalous  Sulphur  Bank  area  and  a few 
higher  than  average  helium  concentrations  at  the  village  of 
Volcano  occur  along  strike  of  the  southwest  rift  zone  and  may 
be  indicative  of  a northeast  extension  of  that  rift  zone  across 
Kilauea  caldera.  If  the  areal  extent  of  the  helium  anomaly  and 
the  flux  rate  could  be  determined,  it  would  be  possible  to 
estimate  the  mantle  helium  concentration  at  Kilauea. 


INTRODUCTION 

The  Hdium-4  isotope  is  produced  by  the  natural  alpha -particle 
radioactive  decay  of  uranium  and  thorium.  On  a gross  scale,  its 
distribution  in  the  earth  is  controlled  by  the  presence  and  con- 
centration of  the  parent  generating  material,  various  trapping  mecha- 
nisms, pathways  for  migration,  and  the  primordial  distribution. 
Primordial  helium  is  characterized  by  high  concentrations  of  the 
helium-3  isotope  such  that  it  may  be  on  the  order  of  10*  times  more 
abundant  (as  in  chondrites)  than  in  minerals  containing  mostly 
radiogenically  produced  helium.  The  data  in  this  paper  refer  only  to 
helium -4  unless  otherwise  noted. 

Helium  has  unique  chemical  and  physical  properties  that  make 
it  an  excellent  gas  for  use  in  geochemical  surveys.  It  is  chemically 
inert,  biogenically  neither  produced  nor  consumed,  radioactively 
stable,  highly  diffusive,  and  has  a low  solubility  in  water.  These 
characteristics  provide  helium  with  some  advantages  over  other  gases 
commonly  used  in  surveys  such  as  radon,  which  has  a 3.8  day  half- 
life,  or  methane  and  carbon  dioxide,  which  can  be  involved  in 
biological  reactions. 

Most  helium  soil-gas  analyses  have  been  performed  as  a 


geochemical  guide  in  the  search  for  oil  and  gas  or  uranium  energy 
resources  (Dyck,  1976;  Reimer  and  others,  1979;  Roberts,  1981  \ 
Several  studies  have  shown  the  usefulness  of  helium  in  locating, 
tracing  the  cx  lent  of,  or  generally  characterizing  hot -water  geother- 
mal occurrences  (Roberts  and  others,  1975;  McCarthy  and  others, 
1982;  Baldi  and  others,  I984)l  An  interesting  observation  from 
many  of  the  energy-related  studies  has  been  that  there  is  frequently 
unequivocal  control  of  helium  concentrations  by  geologic  structure, 
such  as  faulting  or  jointing  (Reimer  and  Adkisson,  1977;  Jones  and 
Drozd,  1983).  This  observation  is  presently  being  explored  for 
potential  applications  in  tracing  faults  or  monitoring  faults  for  helium 
variations  that  may  be  precursory  to  seismic  activity  (Reimer,  I960). 

Very  few  helium  soil-gas  studies  have  been  performed  in 
volcanic  areas.  Hinkle  (1978)  performed  a limited  survey  at  the 
Puhimau  Steaming  Area  on  Kilauea.  Friedman  (chapter  33,  part  I) 
performed  a survey  at  Sulphur  Bank  on  Kilauea  in  1978  pre- 
paratory to  establishing  an  automated  helium  analyzer  near  the  site. 
Hinkle  and  Kilbum  (1980)  and  Green  (1984)  performed  held 
surveys  at  the  Long  Valley  caldera,  California.  A change  in  the 
Helium  distribution  occurred  there  in  the  4 years  separating  those  two 
surveys,  and  the  change  is  speculatively  thought  to  be  related  to 
subsurface  movement  of  magma  and  concomitant  degassing  within 
the  system.  Lombardi  and  others  (1984)  performed  surveys  at  the 
Phlegraean  Fields  near  Pozzuoli,  Italy,  in  July  and  September  1983 
and  recorded  a pronounced  change  in  the  helium  distribution.  The 
change  is  thought  to  be  the  effect  of  an  increase  of  earthquakes  which 
released  10  times  the  strain  as  in  previous  months  and  possibly 
reopened  older  fissures  and  fractures. 

This  study  presents  the  results  of  a systematic  survey  of  the 
helium  soil-gas  distribution  at  the  Kilauea  summit.  It  will  provide  a 
data  base  for  future  studies  that  will  be  especially  important  if  the 
dramatic  changes  observed  by  Lombardi  at  Pozzuoli  are  charac- 
teristic precursors  of  seismic  or  eruptive  events.  In  addition,  this 
study  will  augment  the  data  obtained  by  Cox  (1983)  on  the  soil 
content  of  radon  and  mercury  at  Kilauea.  Various  volatile  species 
have  their  own  unique  chemical  and  physical  properties;  when 
considered  collectively,  they  provide  a belter  insight  into  the  mecha- 
nisms controlling  surface  distribution  and  concentration  of  the  gases. 
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STUDY  AREA  AND  SAMPLING  METHODS 

This  helium  soil-gas  survey  was  conducted  in  the  vicinity  of  the 
summit  of  Kilauea  Volcano  on  the  Island  of  Hawaii.  At  the  time  of 
the  survey  in  December  1984,  eruptive  activity  on  the  east  rift  zone, 
which  commenced  in  January  1983,  was  in  the  post-phase  28 
interim.  Kilauea  has  formed  primarily  from  the  extrusion  of  tholeiitk 
basalts  and  ash.  Subsurface  magma  intrusion  and  movement  contrib- 
ute to  the  formation  of  the  numerous  and  complex  fault  zones  in  the 
area,  and  the  prominent  Kilauea  caldera  and  Halemaumau  crater 
were  formed  by  subsidence.  Several  of  the  fracture  systems  give  rise 
to  large  steaming  areas  such  as  those  at  the  northeast  edge  of  the 
Kilauea  caldera  and  at  Sulphur  Banks  0.6  km  farther  northeast. 
Numerous  other  vents  from  smaller  areas  of  fractures  and  cracks 
produce  gas,  the  bulk  of  which  is  water  but  containing  varying 
amounts  of  other  trace  gases  such  as  C02,  S02,  and  He  (Gerlach, 
1980;  Greenland,  1984) 

There  is  a diversity  in  soil  type  and  ground  cover  around 
Kilauea.  The  areas  north  and  east  of  the  caldera  have  well-  j 
developed  soils  capable  of  supporting  tropical  vegetation;  the  areas 
south  and  west  have  poorly  developed  or  non-ousting  soils  and  arc 
covered  by  historical  lava  flows,  ash,  and  cinders. 

Soil  gas  is  that  gas  accumulated  within  the  soil  pores  and  is  in 
quasi-equilibrium  with  the  soil  moisture.  The  gas  is  mobile  to  an 
aitent  controlled  principally  by  the  soil  permeability,  and  represents 
a time-integrated  sample,  the  period  of  which  is  also  controlled  by 
mobility.  Mobility,  in  turn,  especially  in  near-surface  samples,  is 
strongly  influenced  by  external  meteorological  factors.  Precipitation 
can  provide  water  that  decreases  permeability;  temperature  dif- 
ferences can  create  convective  pumping  effects;  wind-speed  varia- 
tions can  create  venturi  pumping  effects.  Soil  gases  reside  in  a 
dynamic  environment  but  the  gas  concentration  variations  induced  in 
the  environment  are  not  so  great  that  they  limit  the  usefulness  of  the 
method  (Reimer,  1980). 

In  this  study,  soil  gases  were  collected  by  pounding  an  8-mm- 
diameter  hollow  steel  probe  into  the  soil  to  a depth  of  0.5  m.  A 
septum-containing  cap  was  placed  on  the  probe  to  create  an  air-tight 
seal,  and  the  gas  was  slowly  withdrawn  through  the  system  by  a 
hypodermic  syringe.  The  probe  nominally  contains  a dead  volume  of 
2 cm3  and  was  first  purged  by  withdrawing  and  discarding  3 cm*, 
of  gas.  A sample  of  1 5—20  cm*  was  then  withdrawn  into  the  syringe 
and  transferred  to  a pre-evacuated  stainless  steel  container  of  6-cm3 
internal  volume  for  shipment  to  the  laboratory  for  analysis.  7he 
container  is  overpressunzed  with  sample  and  sealed  with  a single 
valve  on  one  end  with  a septum  in  senes  through  which  the  sample 
was  injected.  Soil -gas  samples  collected  by  the  probe  method 
commonly  are  taken  from  a depth  of  0.75  or  1.0  m.  This  depth 
represents  a compromise  between  ease  of  sampling  and  reduction  of 


variation  from  meteorological  conditions  (Reimer,  1980).  However, 
meteorology  is  usually  a factor  when  a survey  takes  several  days  to 
perform.  Because  of  the  variation  in  soil  depth  at  the  Kilauea  summit 
a sample  depth  of  0,5  m was  chosen  to  permit  uniformity.  All 
samples  were  collected  in  a 9-hour  daylight  period  on  December  1 1 , 
and  the  weather  conditions  at  the  summit  were  extremely  consistent 
throughout  the  sampling:  clear  to  partly  cloudy,  trade  winds  1 5—30 
km/h,  temperature  17-22  °C,  and  no  precipitation.  The  good 
fortune  of  uniform  weather  minimized  site-to-site  variation  in  the 
samples  taken  at  the  0.5-m  depth. 

Samples  were  analyzed  using  a small  leak-detector  mass 
spectrometer  tuned  specifically  for  the  helium  masstocharge  ratio  of 
4 + . The  minor  modifications  to  this  type  of  instrument,  commer- 
cially used  for  testing  leaks  in  vacuum  systems,  to  allow  it  to  be  used 
for  high  precision  analytical  work  are  described  by  Reimer  and 
others  ( 1979).  Analytical  precision  for  helium  is  ± 10  parts  per 
billion  (10  in  I09)l  The  atmosphere  nominally  contains  5,240  parts 
per  billion  helium  and  is  a remarkably  constant  reservoir  (Glueckauf, 
1949;  Oliver  and  others,  1984)  Samples  are  withdrawn  from  the 
stainless  steel  cylinders  by  inserting  a hypodermic  needle  through  the 
septum  and  opening  the  valve.  The  syringe  rebounds  in  response  to 
foe  overpressure  in  foe  cylinder.  Knowing  foe  amount  of  sample 
injected  into  the  cylinder  and  foe  amount  of  rebound  during  extrac- 
tion, a gross  check  on  foe  integrity  of  foe  cylinder  is  obtained. 
Samples  with  rebounds  not  within  I cm*  of  that  anticipated  are 
rejected.  The  sample  is  injected  into  the  spectrometer  inlet  system, 
where  gases  other  than  hdium  and  neon  arc  removed  on  activated 
charcoal  at  liquid-nitrogen  temperatures.  The  sensitivity  of  foe 
spectrometer  is  determined  every  10  samples  by  analyzing  two 
reference  gases  containing  different  helium  concentrations,  and  each 
unknown  sample  is  bracketed  by  two  reference  analyses.  From  the 
calibrated  instrument  sensitivity  and  foe  difference  in  peak  height  for 
foe  sample-standard  combination,  foe  concentration  of  helium  in  foe 
sample  is  determined. 


DATA  AND  DISCUSSION 

The  area  of  the  survey  and  location  of  sample  collection  points 
are  shown  in  figure  33.6.  This  area  is  roughly  equivalent  to  that 
sampled  by  Cox  (1983)  for  radon  and  mercury,  but  foe  exact 
stations  were  not  reoccupied.  A total  of  93  soil-gas  samples  were 
collected  and  analyzed.  The  distribution  of  the  helium  concentration 
was  fairly  uniform,  with  only  three  samples  from  Sulphur  Bank  and 
Steaming  Bluff  being  anomalously  high.  The  average  helium  con- 
centration, aduding  foe  3 high  values,  is  5,248  ± 23  ppb,  which  is 
about  that  of  the  nominal  atmospheric  concentration.  Table  33. 1 
presents  the  helium  concentrations  of  the  samples  keyed  to  figure 
33.6.  The  AHe  is  the  difference  in  helium  from  the  atmospheric 
concentration.  Concentrations  of  soil-gas  helium  less  than  the 
atmospheric  content  are  the  result  of  dilution  by  other  gases  such  as 
carbon  dioxide  or  water  vapor.  Concentrations  of  helium  greater 
than  atmospheric  content  result  when  a subsurface  source  is  present. 
Overall,  the  helium  concentration  throughout  the  Kilauea  summit 
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FlGtJKfc  33.6.  — Summit  region  of  Kiiauea  Volcano,  Hawaii,  showing  sampling  Mlo  fo < survey  of  hdium  m soil  gas.  Dote,  samples  yiekhng  average  helium  concent  roboni; 
squares,  slightly  higher  helium  concentrations  (greater  than  two  standard  deviations  front  that  of  air);  triangles,  the  anomalously  high  coocentraboas  at  Sulphur  Bank  and 
Steaming  Bluff  Sample  numbers  keyed  to  table  33. 1.  Hadiures  indicate  inf  icing  scarp*  of  caldera  and  craters. 
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TaIU-F.  33.1. — Helium  concentration*  in  uril-gOi  uvnplci  from  Kilauca  Volcano . Hawaii 

[All  iMnpV*  collected  Dee«*»ber  1 1 . 1984;  wunple  bctfiotte  4>own  •>  33.6.  A W.um  » the  differ  rat  f n the  hAwo  coocrotraOc*  bdween  die  Mrnplc  mtl  the  « reference  X 3240  ppfc  N A fee 

wnple  8 rwMi  * «H  not  MMilyred  heenwe  «f  <>l»nm  lr*k*gr  uf  die  wimple  cylinder  TW  preooon  of  die  *naf>vn  w*»  ± 1(1  ppb  he+ium;  I he  repiirted  CtMKfll&tfKXU  art  diote  determnifd  by  the 
pnxrumt  eur«|N|ler  and  du  ftU  tm*4»  grreaet  pcetmon] 
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area  is  similar  to  tKat  found  in  other  regional  surveys  such  as  those  in 
the  Powder  River  Basin  of  Wyoming  (Reimer  and  others,  1980) 
and  the  Basin  and  Range  Province  of  Utah  and  Nevada  (Reimer 
and  Bowles,  1983X  This  observation  is  consistent  with  the  fact  that 
there  are  no  high  concentrations  of  uranium  or  thorium  contributing 
to  a high  helium  background  at  Kilauca. 

The  helium  concentration  of  Sulphur  Bank  and  Steaming  Bluff 
is  quite  anomalous,  in  excess  of  8,000  ppb  for  some  samples.  This  is 
the  area  in  which  Cox  (1983)  reported  the  highest  radon  con- 
centrations from  his  survey.  The  high  helium  and  radon  con- 
centrations are  typical  of  areas  where  there  is  a surface  manifestation 
of  hot  spnng  activity  (Roberts  and  others,  1975;  McCarthy  and 
others,  1982;  Baldi  and  others,  1984X  The  high  concentrations  of  | 
radiogenic  byproducts  from  hot  springs,  however,  may  be  the  result 
of  local  concentrations  of  uranium  daughter  isotopes,  notably  radium 
in  precipitates.  Samples  collected  in  the  vicinity  of  the  Puhimau 
Steaming  Area  did  not  show  similarly  anomalous  helium  or  radon 
concentrations.  The  steaming  activity  at  Puhimau  is  attributable  to 
meteoric  water  contacting  the  residual  heat  of  the  1938(?)  intrusion 
in  that  area.  In  neither  area,  Puhimau  nor  Steaming  Bluff  and 
Sulphur  Bank,  is  there  a known,  near- surface  concentration  of 
helium  producing  daughter  isotopes.  It  is  inferred,  therefore,  that 
there  is  a large  helium  component  to  the  gases  venting  on  the 
northeast  side  of  the  Kilauea  caldera.  Helium-3  /helium-4  ratios  have 
indicated  that  the  helium  component  is  derived  in  large  part  from  the 


mantle  (Craig  and  others,  !978)l  Steaming  areas  alone  do  not 
necessarily  imply  gas  supply  from  a deep  source.  If  the  areal  extent 
, of  the  helium  anomaly  and  the  flux  rate  through  the  soil  could  be 
) determined  by  future  studies,  the  volume  of  mantle-den ved  helium 
could  be  determined  from  Kilauea  alone  and  compared  to  the  total 
Earth  values  derived  by  Naughton  and  others  (I973X  who  used 
helium/carbon  ratios.  In  contrast  to  the  earlier  view  of  Macdonald 
and  Abbott  (1977k  these  recent  helium  data  support  the  idea  of 
1 connection  of  Sulphur  Bank  gases  to  a magma  source,  most  likely 
that  feeding  Kilauea. 

Another  area  at  the  Kilauea  summit  with  slightly  higher  helium 
concentrations  is  within  the  village  of  Volcano.  The  values  are  not 
exceptionally  high,  only  50  to  70  ppb  above  the  atmosphenc 
concentration,  but  they  are  interesting  because  they'  occur  in  an  area 
of  low  radon  concentrations  (Cox,  I983X 

Cox  interprets  the  low  radon  concentrations  to  represent  either 
low  permeability  of  strata  or  downflow  of  gas  in  that  vicinity.  For  the 
helium,  the  similarity  of  soils  in  the  area  (U.S.  Dept,  of  Agri- 
culture, 1973)  tends  to  rule  out  permeability  differences  very  near 
the  surface  or  at  the  sampling  depth,  and  the  positive  values  are  not 
representative  of  inhalation.  ! suggest  that  this  region  may  be  an 
extension  of  the  area  receiving  mantle  derived  helium  because  of  the 
proximity  to  Sulphur  Bank,  only  2.5  km  southwest.  Alternatively, 
these  higher  concentrations,  with  those  at  Steaming  Bluff  and 
Sulphur  Bank,  could  be  indicative  of  a northeast  extension  of  the 
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southwest  nft  zone.  They  all  occur  along  the  strike  of  the  rift  across 
the  caldera.  A more  detailed  survey  could  indicate  if  the  areas  might 
be  linked. 

CONCLUSIONS 

The  reconnaissance  helium  soil-gas  survey  at  the  summit  of 
Kilauea  Volcano  has  indicated  only  one  broad  area  of  high  helium 
concentration.  That  area,  comprising  Sulphur  Bank  and  Steaming 
Bluff  on  the  northeast  side  of  the  caldera,  had  soil-gas  helium 
concentrations  greater  than  8,000  ppb.  Thermally  induced  con- 
centration and  release  of  helium  is  typical  in  areas  where  the  host 
rock  can  provide  the  uranium  or  thorium  alpha-particle-producing 
daughters  that  ultimately  produce  the  helium.  At  Kilauea,  the 
character  of  the  host  rock  and  its  young  age  generally  preclude  the 
concentrating  of  uranium  and  thorium  (Newman  and  others,  1984) 
The  high  bulk  helium  concentration  is  thought,  therefore,  to  be  the 
result  of  a mantle-derived  source.  It  may  be  possible  with  future 
studies  to  estimate  the  amount  of  helium  contributed  from  the  mantle 
at  Kilauea.  or  at  least  set  limits  on  the  amount.  In  addition,  the 
helium  soil-gas  technique  may  be  useful  in  finding  areas  in  which  the 
mantle  helium  is  being  degassed  at  the  surface  and  distinguishing 
those  areas  from  the  ordinary  thermal  steaming  areas.  It  would  be  a 
particularly  helpful  method  to  locate  areas  not  marked  by  surface 
fracture  systems  where  gases  in  magma  reservoirs  have  the  most 
permeable  pathway  to  the  surface. 
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USE  OF  SATELLITE  TELEMETRY  FOR  MONITORING  ACTIVE 
VOLCANOES,  WITH  A CASE  STUDY  OF  A GAS-EMISSION  EVENT  AT 
KILAUEA  VOLCANO,  DECEMBER  1982 

By  Kenneth  A.  McGee,  A.  Jefferson  Sutton,  and  Motoaki  Sato 


ABSTRACT 

A telemetry  system  using  geostationary  satellites  for  data 
relay  has  several  advantages  over  ground-based  systems  that 
are  widely  used  as  a means  for  relaying  geophysical  and  geo- 
chemical data  from  volcanoes.  The  National  Oceanic  and 
Atmospheric  Administration’s  NESDIS  (National  Environmen- 
tal Satellite,  Data,  and  Information  Service)  maintains  two 
operating  Geostationary  Operational  Environmental  Satellites 
(GOES)  to  monitor  the  Earths  weather  systems.  These  satel- 
lites are  part  of  a worldwide  network  of  meteorological  satel- 
lites, and  each  is  equipped  to  relay  data  transmissions  from 
networks  of  data-collection  platforms.  A degassing  event  at 
Kilauea  Volcano  in  December  1982,  observed  and  recorded 
some  9,000  km  away,  is  cited  as  an  example  of  how  satellite 
telemetry  can  be  a viable  alternative  for  monitoring  potentially 
active  volcanoes. 


INTRODUCTION 

Radio  telemetry  is  widely  used  as  a means  for  relaying 
geophysical  and  geochemical  data  from  active  volcanoes  to  obser- 
vatories or  other  data-collection  centers.  Most  existing  telemetry 
networks  are  ground  based  and  are  constrained  by  topographic 
conditions.  In  order  to  extend  the  range  of  the  telemetry,  repeater 
stations  may  be  installed  or  telephone  lines  leased.  However,  the  cost 
of  maintaining  these  systems  adds  substantially  to  the  total  cost  of  the 
operation.  Moreover,  the  complexity  of  the  system  increases  and  the 
flow  of  data  becomes  more  vulnerable  to  equipment  failure  as  more 
links  are  added  to  the  data-relay  chain. 

A telemetry  system  using  geostationary  satellites  for  data  relay 
has  advantages  over  ground-based  systems  (McGee  and  Sato, 
1982).  The  need  for  repeaters,  multiple  telemetry  links,  and  dedi- 
cated telephone  lines  is  eliminated.  Although  the  initial  cost  of  the 
transmitters  may  be  higher,  the  elimination  of  repeater  stations  and 
leased  telephone  lines  reduces  the  operational  costs  and,  more 
importantly,  extends  the  potential  useful  range  to  thousands  of 
kilometers  Since  the  telemetry  antennas  must  be  pointed  skyward  at 
a high  angle  (30°  to  60°  depending  on  latitude  X the  elevation  and 
local  topography  of  the  monitoring  site  become  less  important.  Also, 
because  satellite-relayed  telemetry  systems  operate  at  higher  radio 
frequencies  than  typical  ground-based  systems  they  have  shorter 
antenna  element  lengths  and  fewer  interference  problems.  Smaller 
antenna  systems  in  turn  reduce  the  vulnerability  of  monitoring  sites  to 


damage  from  wind  or  ice.  Finally,  a telemetry  system  using  geosta- 
tionary satellites  for  data  relay  allows  more  than  one  observatory  or 
laboratory  to  collect  data  from  volcanoes  scattered  across  continents 
or  oceans. 


DESCRIPTION  OF  A SATELLITE  DATA- 
COLLECTION  SYSTEM 

The  National  Oceanic  and  Atmospheric  Administrations 
NESDIS  (National  Environmental  Satellite.  Data,  and  Informa- 
tion Service)  operates  a series  of  Geostationary  Operational 
Environmental  Satellites  (GOES)  to  image  and  monitor  the  Earths 
cloud  cover  and  weather  systems  (National  Oceanic  and 
Atmospheric  Administration.  I983X  lliesc  satellites,  placed  in 
orbits  coincident  with  the  Earth's  equatorial  plane  at  an  altitude  of 
about  35,500  km.  rotate  at  the  same  speed  as  the  Earth  and  appear 
from  the  Earth  to  be  in  a fixed  position.  Unlike  earlier  polar- 
orbiting  satellites,  these  geostationary  or  geosynchronous  satellites, 
which  arc  part  of  a worldwide  network  of  meteorological  satellites, 
have  nearly  a full  hemisphere  of  continuous  view  (fig.  34.  IX 
NESDIS  maintains  operational  satellites  at  75°  and  135°  west 
longitudes.  One  or  more  older  satellites,  located  about  midway 
between  these  two  operational  sites,  are  used  if  one  of  the  primary 
satellites  fails.  These  in-orbit  spares  can  be  turned  on  and  moved  to 
the  operational  location  to  provide  continuity  of  coverage. 

Each  of  the  satellites  is  equipped  to  relay  data  transmissions 
from  networks  of  data-collection  platforms  to  one  or  more  receiving 
sites.  The  onboard  instrumentation  that  performs  the  relay  function 
is  a satellite  transponder,  which  is  a combination  radio  receiver  and 
transmitter  that  receives  data  and  instantaneously  retransmits  it  back 
to  Earth  with  no  change  except  for  frequency.  ELach  of  the  two 
NESDIS  satellites  can  relay  environmental  data  from  as  many  as 
several  thousand  individual  data -gathering  devices  located  at  vir- 
tually any  point  in  the  Western  Hemisphere.  Likewise,  the  large 
beam  width  of  the  satellite  transmitter  antenna  permits  reception  of 
the  signal  from  the  satellites  over  the  same  wide  area. 

In  addition  to  the  spacecraft  itself,  a satellite  data-collection 
system  is  made  up  of  four  major  parts:  (I)  sensors;  (2)  data- 
collection  platforms;  (3)  Earth  receiving  stations;  and  (4)  a data 
processing  and  storage  system  (fig.  34. 2X  Because  NESDIS 
operates  a central  Earth  Receiving  Station,  the  user  need  only 
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FIGURE  34. 1. — Art*I  cuvet*#?  of  the  Earth*  surface  by  geostationary  satellites  located  at  long  73°  and  1 33°  W.  (from  National  Oceanic  and  Atmosphenc  Adnanutraiiun. 

1903.  !,«  1-2.  p.  4| 


supply  the  remaining  three  parts.  In  a minimum  network  configura- 
tion (1-20  monitoring  sites X the  user  provides  only  the  sensors, 
data -collection  platforms,  and  some  sort  of  data  processing  and 
storage  system.  As  the  number  of  monitoring  sites  increases,  it  may 
be  beneficial  to  acquire  a direct -readout  ground  receiving  station. 

The  GOES  system  is  particularly  suited  to  monitoring  slowly 
varying  parameters.  In  a volcanic  region,  parameters  of  interest  may 
include  tih,  magnetic  held  strength,  self-potential,  gas  emissions, 
fumarole  temperatures,  and  meteorological  data.  In  some  instances, 
it  is  possible  to  transmit  higher  frequency  data  through  the  system  if 
some  onsite  preprocessing  is  done.  For  example,  seismicity,  in  the 
form  of  earthquake  counts,  can  easily  be  accommodated.  This  might 
have  particular  application  to  remote  volcanoes  where  recording  the 
number  of  earthquakes  may  be  more  pertinent  to  assessing  the  level 
of  activity  than  recording  the  actual  waveforms.  GOES  data- 
collection  platforms  (LX. P’s)  typically  require  sensors  with  analog 
voltage  outputs  in  the  range  0-5  V,  although  other  output  ranges 
and  certain  sensing  devices  with  digital  outputs  can  often  be 
accommodated. 


GOES  DCFs  are  small,  battery-powered,  402 -megahertz 
radio  transmitters  that  transmit  data  to  the  satellite  at  a rale  of  100 
bits  per  second  (National  Oceanic  and  Atmosphenc  Administra- 
tion, 1964).  Higher  data  rates  are  possible  though  not  currently 
used.  The  major  components  of  a DCP  are  the  sensor  interface, 
programmable  microprocessor,  memory,  radio,  dock,  and  antenna 
Many  GOES  DCFs  operate  in  the  self-timed  mode,  which  requires 
the  platform  periodically  to  transmit  its  data  under  the  command  of  a 
precise  timer.  In  this  self-timed  mode,  the  platform,  under  control  of 
the  timer  and  microprocessor,  scans  its  sensor  interface.  A typical 
DCP  sensor  interface  can  accommodate  as  many  as  16  sensors. 
Data  from  each  scan  may  be  stored  in  the  memory  of  the  DCP  until 
the  prescribed  transmission  interval.  Some  DCFs  are  capable  of 
performing  preliminary  data  manipulation  including  data  conversion, 
averaging,  slope  computation,  and  warning-level  assessment,  for 
emergency  transmissions.  Reliable,  environmentally  hardened 
DC P’s  are  commercially  available  from  a number  of  sources.  A 
complete  site  installation,  exclusive  of  sensors,  can  be  performed  m 
less  than  four  hours. 
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Each  satellite  can  support  more  than  23 0 radio  channels,  many 
of  which  are  dedicated  to  self- timed  platforms.  The  technique  for 
defining  the  schedule  of  DCP  reporting  is  called  frequency-division 
multiple  access  with  time-shared  channel  occupancy.  A GOES 
platform  typically  uses  a I -min  time  interval  every  3 h on  its  assigned 
radio  channel  for  transmission  of  its  data  to  the  satellite.  Sensor  data 
can  be  collected  as  often  as  every  1 0 min  and  stored  in  memory  until 
the  prescribed  transmission  interval.  Depending  on  the  number  of 
sensors  and  data  points,  transmission  message  lengths  average  about 
30  s.  In  addition  to  self- timed  transmission,  two  other  modes  of 
DCP  transmission  initiation  are  possible  in  the  GOES  system:  (I) 
interrogation  by  the  satellite,  and  (2)  emergency  transmission 
because  of  a predetermined  sensor- threshold  value  being  exceeded. 
Hie  latter  capability  can  be  useful  in  providing  warnings  of  imminent 
floods  or  mudflows. 

NESDIS  operates  only  one  Earth  receiving  site,  located  at 
Wallops  Island,  Va.,  for  the  GOES  satellite  data-collection  system. 
This  receiving  site  performs  a number  of  functions  including  com- 
mand and  control  of  the  spacecraft,  reception  of  data,  and  monitor- 


ing of  signal  quality.  From  the  Wallops  Island  location,  NESDIS 
forwards  data  from  the  satellites  to  a computer  in  the  World  Weather 
Building  at  Camp  Springs,  Md.  From  there,  the  data  are  dis- 
tributed to  users  via  the  telephone  system  using  either  dedicated 
circuits  or  dial-in  lines.  Many  users  of  the  GOES  system,  in  an 
effort  to  reduce  system  complexity  and  dependence  on  land  lines,  are 
establishing  their  own  local  direct-readout  ground  station  terminals. 
These  terminals  are  becoming  less  expensive  and  can  provide  a user 
with  immediate  access  to  the  data  transmitted  from  the  satellite. 

Because  NESDIS  does  not  store  data  in  its  computer  for 
longer  than  a few  days,  it  is  necessary  for  the  user  to  transfer  the 
data  regularly  to  his  own  computer  system  for  processing  and 
storage.  Collecting  data  from  one  sensor  at  10-mm  intervals  pro- 
duces more  than  52,000  data  points  in  a year.  A network  of  several 
DC P's,  each  with  several  sensors,  can  thus  produce  a large  data 
base.  In  addition,  since  the  data  are  in  numerical  form,  a mechanism 
for  converting  the  data  to  graphical  form  for  viewing  is  a must. 
Frequent  visual  inspection  of  the  recorded  data  for  significant  sensor 
variations  is  necessary  to  take  full  advantage  of  the  nearly  real-time 
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nature  of  satellite-relayed  telemetry.  An  optimum  computer  system 
for  end  users  of  the  GOES  system  would  include  screen  and  hard- 
copy graphics  capability  and  several  megabytes  of  online  data- 
storage capacity. 


EXAMPLE  OF  A WIDE-AREA  NETWORK  FOR 
MONITORING  VOLCANOES 

The  current  U.S.  Geological  Survey  network  of  volcanic -gas 
monitoring  stations  at  several  widely  scattered  volcanoes  is  an 
cccellent  example  of  a wide-area  network  using  satellite  telemetry.  In 
the  summer  of  1981.  satellite-relayed  hydrogen-gas  monitoring  sta- 
tions were  installed  at  Mount  Baker  and  Mount  St.  Helens,  Wash., 
and  Lassen  Peak,  Calif.  Similar  monitoring  stations  were  installed  in 
1982,  at  Long  Valley  Caldera,  Calif. , and  Kilauea,  Hawaii,  and  in 
1983  at  Mauna  Loa,  Hawaii,  and  Coso  Hot  Springs,  Calif.  Until 
mid- 1984,  data  from  all  of  these  stations  were  scrutinized  and 
recorded  at  the  U.S.  Geological  Survey  National  Center  in  Reston, 
Va.  (more  than  4,000  km  from  the  nearest  monitoring  site).  In  June 
1984,  the  responsibility  for  collecting  data  from  these  stations  was 
transferred  to  the  Cascades  Volcano  Observatory  in  Vancouver, 
Wash.  This  change  of  recording  facility  was  completed  without  the 
necessity  for  a single  visit  to  any  held  site  and  clearly  demonstrates 
the  extreme  flexibility  of  a satellite-relayed  telemetry  system. 

Although  some  of  the  held  sites  in  the  gas  network  are  located 
near  existing  ground-based  telemetry  systems,  many  of  the  monitor- 
ing locations  are  in  remote  areas  where  there  is  no  possibility  of 
linking  into  a ground-based  telemetry  system  or  telephone  line.  That 
any  data  can  be  collected  at  all  from  these  sites  in  nearly  real-time 
fashion  is  a tremendous  accomplishment.  Clearly,  the  wide-area  gas 
monitoring  network  owes  its  existence  to  the  availability  of  satellite 
telemetry. 


CASE  STUDY— EVIDENCE  FOR  A WIDESPREAD 
GAS  EVENT  AT  KILAUEA  VOLCANO, 
DECEMBER  1982 

Hydrogen  gas  sensors  were  strategically  deployed  in  or  near 
fumaroles  at  the  Kilauea  summit  caldera  (’71  Fissure  and 
Halemaumau  WestX  along  the  east  rift  zone  (Mauna  Ulu  and  Puu 
KiaiX  and  on  the  southwest  rift  zone  (Kau  Desert)  in  the  late  1970s 
with  conventional  ground-based  telemetry  used  at  each  site  to 
transmit  the  data  to  the  Hawaiian  Volcano  Observatory  for  record- 
ing (McGee,  1979).  In  mid-December  1982,  a GOES  satellite 
data -collection  platform  was  interfaced  with  the  receivers  of  the 
land-based  telemetry  system  to  produce  an  integrated  telemetry 
system.  Previous  data  acquisition  involved  the  mailing  of  strip-chart 
recordings  to  a distant  laboratory  for  analysis  (months  later X I his 
marriage  of  ground-based  and  satellite  telemetry  allowed  a wide 
area  of  Kilauea  to  be  monitored  using  a single  central  DCP  for  data 
relay  to  the  satellite. 


On  December  23,  1982,  a degassing  event  was  recorded  at 
both  Kilauea  summit  stations  and  at  Mauna  Ulu  m the  upper  east 
rift  zone  (fig.  34. 3X  Although  the  distance  between  the  summit 
monitoring  sites  and  the  Mauna  Ulu  site  is  about  8 km,  the  onset 
time  and  duration  (2  days)  of  the  gas  event  are  essentially  concurrent 
at  the  three  locations.  In  addition,  hydrogen  sensors  with  on-sitc 
recording  at  two  nearby  locations,  Puhimau  and  a different  fumarole 
at  Mauna  Ulu,  recorded  similar  peaks.  On  December  26.  a distinct 
gas  event  that  had  rapid  onset  and  lasted  only  a few  hours  was 
recorded  at  Puu  Kiai.  This  event  is  noteworthy  because  it  is  the  only 
hydrogen  gas  event  ever  recorded  at  that  location.  Puu  Kiai  is 
located  about  1 3 km  down  the  east  rift  zone  from  Mauna  Ulu. 

Other  independent  evidence  also  points  to  a widespread  gas 
release  during  this  time  period.  Friedman  and  Renner  (chapter  33, 
part  I)  report  a distinct  helium  anomaly  at  Sulfur  Bank  in  late 
December  1982.  In  addition,  a substantial  radon  peak  was 
observed  near  the  western  rim  of  Kilauea  s caldera  at  about  the  same 
time  (Donald  Thomas,  oral  cotnmun. , 1984).  It  is  likely  that  this 
widespread  gas  release  was  a precursory  manifestation  of  the 
intrusion  of  a large  body  of  magma  into  the  Kilauea  summit  area. 
Subsequent  injection  of  this  magma  into  the  east  rift  zone  resulted, 
on  January  3,  1983,  in  the  first  of  a long  senes  of  east-rift  eruptions. 

The  crucial  point  to  note  here  is  that  the  degassing  event,  as 
detected  in  satellite-relayed  data  from  the  hydrogen-monitonng 
stations,  was  identified  and  recorded  9,000  km  away  almost 
instantly,  leaving  ample  opportunity  for  telephone  notification  of 
personnel  near  the  site  of  the  event  before  the  onset  of  eruptive 
activity.  This  episode  illustrates  the  utility  of  using  satellite  telemetry 
for  monitoring  pertinent  parameters  of  potentially  active  volcanoes 
from  long  distances. 

CONCLUSIONS 

The  potential  for  utilizing  geostationary  satellites  for  monitoring 
remote  and  widely  scattered  volcanoes  has  not  yet  been  fully 
realized.  The  techniques  recently  developed  are  directly  applicable 
to  many  areas  of  the  world  where  real-time  data  on  natural  hazards 
are  required  The  availability  of  low-cost  and  reliable  data-collec- 
tion  platforms  and  direct -readout  ground  stations  can  provide  a 
data -telemetry  system  free  from  the  usual  communications  infrastruc- 
ture (Shope  and  Paulson,  1981 X The  United  States,  the  European 
Space  Agency,  and  the  Japanese  Meteorological  Agency  all  cur- 
rently operate  geostationary  satellites  capable  of  data  relay.  There 
are  few  areas  in  the  world  where  potential  users  could  not  gain  access 
to  a geostationary  satellite.  The  example  cited  earlier  clearly  demon- 
strates that  satellite  telemetry  is  now  a viable  alternative  to  other 
types  of  dala-collection  systems  for  monitoring  potentially  active 
volcanoes. 
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HAWAIIAN  VOLCANOES  AND  THE  BIOGEOLOGY  OF  MERCURY 

By  Barbara  Z.  Siegel1  and  Sanford  M.  Siegel1 


ABSTRACT 

The  global  importance  of  volcanoes  as  a source  of  mercury 
appears  to  have  been  underestimated.  The  highly  active  Kilauea 
Volcano  in  Hawaii  Lies  in  the  middle  of  one  of  the  worlds  most 
productive  forest  ecosystems;  hence  it  provides  an  ideal  situa- 
tion for  the  study  of  biological-geological-chemical  interactions 
and  interrelationships. 

Mercury-rich  emissions  from  Hawaiian  volcanoes  were 
discovered  in  1971.  Since  then,  the  local  sources  of  mercury  in 
Hawaii,  its  chemical  species,  accompanying  gases,  release  dur- 
ing lava  weathering,  dispersal,  and  vertical  distribution  have 
been  studied.  Parallel  investigations  have  been  made  of  bio  ac- 
cumulation, bio  transformation,  and  biovolatilization  of  mercury. 

The  most  significant  results  during  the  period  covered  in 
this  report,  1970—84,  are: 

1.  Mercury  emission  data  have  been  obtained  from  the 
Mauna  Loa  and  Kilauea  summit  calderas,  the  Kilauea  east  rift 
and  nearby  fumaroles. 

2.  A provocative  drop  in  mercury  output  was  observed 
during  the  recent  (1983—84)  Puu  Oo  eruption  compared  to  the 
1977  Kalalua  event. 

3.  The  first  measurements  of  mercury  over  a vertical  range 
(rift  level  to  2,500-m  elevation)  were  made  during  the  1977 
Kalalua  eruption. 

4.  The  relation  between  Hg°  and  HgX_  have  been  studied 
with  respect  to  site,  time,  and  distance,  ana  a specific  Hg-C02 
correlation  has  been  derived. 

5.  The  regulatory  role  of  vegetation  in  mercury  distribu- 
tion as  a sink  and  secondary  source  through  facile  conversion  of 
the  ion  to  Hg°  and  its  continuous  release  has  been  established. 

6.  It  has  been  found  that  seedlings  have  a 300-fold  greater 
sensitivity  to  Hg°  than  mature  plants,  which  respond  by  pre- 
mature senescence. 


INTRODUCTION 

Mercury  is  produced  by  Hawaii's  active  volcanoes,  Kilauea 
and  Mauna  Loa,  and  by  many  other  volcanoes  the  world  over, 
including  Helda.  Erebus,  and  St.  Helens,  irrespective  of  their 
chemical  description  (basaltic  or  andesitic)  or  location  (midplate  or 


appears  to  be  a ubiquitous  constituent  of  volcanic  gases,  lavas,  and 
pyroclastic  deposits. 

Recent  flux  measurements  indicate  that  the  amount  of  mercury 
attributable  to  volcanic  activity  Has  been  underestimated  in  the  past. 
Output  hgures  from  Mount  St.  Helens  and  several  Central  Amer- 
ican volcanoes  are  remarkably  similar  to  those  reported  from 


Halemaumau,  the  main  vent  of  Kilauea,  which  produces  approx- 
imately 270  tons  annually  (Varekamp  and  Buseck,  1981;  Siegel 
and  Siegel,  1984a).  If,  in  fact,  200-300  tons  of  mercury  were 
released  annually  by  each  of  the  50-60  terrestrial  volcanoes 
considered  active  (1975-80  annual  average  from  Simkin  and 
others,  1 98 IX  then  the  volcanic  contribution  to  the  global  total 
would  equal  or  exceed  the  commonly  cited  value  of 
1 0 X 1 09-20  X 1 09  g/yr  for  all  mercury  transfer  to  the  atmosphere 
(U.S.  National  Academy  of  Sciences,  1977;  Andren  and  Nriagu, 
1 979). 

In  1 970  we  identified  Kilauea  as  the  major  source  of  mercury 
in  air  over  Oahu,  320  km  away.  Our  work  since  that  time  has 
attempted  to  develop  a comprehensive  picture  of  the  primary  and 
secondary  sources  of  the  mercury,  its  sites  of  temporary  storage, 
transfer  modes,  and  sinks. 

The  cool  upland  fewest  in  and  around  Hawaii  Volcanoes 
National  Park  on  the  Island  of  Hawaii  is  one  of  the  most  productive 
ecosystems  on  this  planet.  Few  volcanoes  are  situated  in  environ- 
ments so  heavily  covered  with  vegetation  as  is  Kilauea.  Since  the 
biosphere  exerts  a remarkable  degree  of  control  over  the  chemistry  of 
the  air,  water,  and  soil,  the  location  of  Kilauea  on  Hawaii  offers  an 
exceptional  opportunity  to  examine  the  transformation  and  distribu- 
tion of  volcanic  mercury  in  a geobotanical  and  biogeochemical 
framework.  On  the  other  hand,  few  volcanoes  are  situated  in 
locations  so  barren  that  their  activity  can  be  studied  and  their 
behavior  interpreted  without  reference  to  geobiology;  Mount  Erebus 
in  Antarctica  may  be  one  of  those  few  (Siegel  and  others,  1980b) 
and  therefore  allow  for  interesting  comparisons. 

We  have  worked  more  than  1 5 years  on  this  problem  in  Hawaii 
and  elsewhere;  much  information  has  also  been  contributed  by  many 
others.  Nevertheless,  a great  deal  still  remains  unknown  about  the 
cycling  of  mercury  on  Earth,  and  this  paper  is  only  a progress 
report. 

ACKNOWLEDGMENTS 

Our  research  was  made  possible  by  the  generous  research 
funds,  travel  support,  and  facilities  provided  by  many  organizations 
and  institutions.  We  thank  the  National  Aeronautics  and  Space 
Administration;  National  Geographic  Society;  National  Science 
Foundation,  Division  of  Polar  Programs;  National  Institutes  of 
Health,  D vision  of  Research  Resources;  Department  of  Energy. 


'Unwiiiy  of  Hiwu.  Honolulu. 


827 


U.S.  Geological  Survey  Professional  Paper  1350 


Digitized  by  Google 


828 


VOLCANISM  IN  HAWAII 


Lawrence- Livermore  Laboratory  (Institutional  Grants  Program); 
North  Atlantic  Treaty  Organization;  the  Cottrell  Foundation;  the 
Environmental  Center,  the  Hawaii  Natural  Energy  Institute,  and 
the  Office  of  Research  Administration  of  the  University  of  Hawaii 
at  Manoa;  the  University  of  British  Columbia;  and  the  British 
Columbia  Science  Council. 

Thanks  are  also  due  Professor  Gudmunder  Sigvaldasson, 
Nordic  Institute  erf  Volcanology,  University  of  Iceland;  Professors 
Neil  Towers  and  Harry  Warren.  Department  of  Botany  and 
Geology,  respectively.  University  of  British  Colombia;  Gordon 
Eaton  and  Robert  Decker,  past  Scientists-in-Charge,  Hawaii  Vol- 
cano Observatory  (HVOX  U.S.  Geological  Survey;  and  to 
Hawaii  Volcanoes  National  Park  Superintendents  Bryan  Harry, 
Robert  Barbee,  and  David  Ames. 

Individuals  who  have  generously  shared  data  or  held  time 
include  Paul  Greenland,  Thomas  Casa  dev  all,  John  P Lockwood, 
Reginald  Okamura,  and  many  other  members  of  the  HVO  staff, 
and  also  Thomas  Speitel  and  Gary  McMurtry,  University  of 
Hawaii  at  Manoa;  Alan  Eshleman,  Berkeley,  CA;  Conrad  Bach- 
mann.  University  of  Heidelberg;  David  Penny,  Massey  University, 
and  Pauline  Penny,  Ministry  of  Works,  New  Zealand. 

Finally,  we  dedicate  this  paper  to  the  late  Gordon  A.  Mac- 
donald, Professor  of  Geology  and  Geophysics,  University  of 
Hawaii  at  Manoa,  and  the  late  Irving  Breger,  United  States 
Geological  Survey,  who  actively  encouraged  us  in  the  exciting 
interdisciplinary  maze  that  is  biogeochemislry. 


MINERALOGY,  GEOCHEMISTRY  AND 
CHEMISTRY 

For  a more  comprehensive  review  of  mercury’s  physical  param- 
eters, the  reader  is  referred  to  several  eccellent  texts  (King,  1951; 
Goldschmidt,  1954;  Rankama  and  Sahama,  1950;  Hem,  1970; 
Aylett,  I973X 

The  mineralogy  of  mercury  is  comparatively  simple.  Cinnabar 
is  the  only  common  mineral;  it  can  be  primary  or  found  as  an 
alteration  product  of  more  complicated  base-metal  sulfides  con- 
taming  mercury.  Native  mercury  is  frequently  an  oxidation  product 
of  cinnabar.  The  other  known  mercury  minerals  are  curiosities; 
among  them  the  oxysaks  are  indicators  of  arid  climatic  conditions. 
Traces  of  mercury  may  occur  in  some  minerals,  including  tetrahedrite 
and  tennantite  (they  are  then  called  schwazite  and  hermesileX 
penroseite,  argyrodite,  dausthalitc,  ahaite,  and  sphalerite. 

Mercury  has  a high  ionization  potential  (I.P.)  and  tends 
strongly  to  remain  in  the  elemental  state.  Its  first  I.P.  is  10.39  eV 
(gold’s  is  9.20  eV  and  silver  7.  53  eVX  and  its  second  I.P.  is  18.65 
eV 

Mercury  has  a uniquely  low  melting  point  ( — 39  °C)  and  high 
vapor  pressure  ( 1 .9  X 10  * mmHg  at  25  °CX  indicative  of  its  very 
low  interatomic  forces.  Its  viscosity,  similar  to  that  of  water,  is  also 
low. 

Mercury  vapor  is  almost  all  monatomic,  even  at  room  tem- 
perature. apart  from  the  noble  gases,  mercury  is  the  only  element  to 
show  this  behavior  at  such  low  temperatures.  Viscosity  measure- 


ments suggest  that  the  closest  interatomic  approach  in  the  vapor 
phase  is  about  3.25  A at  850  K,  little  greater  than  in  the  liquid 
state.  Both  absorption  and  emission  spectra  of  mercury  vapor  yield 
data  that  indicate  the  presence  of  a very  small  proportion  of  weakly 
bonded  Hg2  molecules. 

The  solubility  (6x  I0~6  g/100  g water  at  25  °C)  of  Hg°  m 
air-free  water  is  exceptional,  being  much  higher  than  that  of  most 
other  metals.  Addition  of  air  increases  the  solubility  700  times,  up  to 
a value  almost  identical  with  the  solubility  of  HgO  in  water. 
Mercury  is  also  appreciably  soluble  in  n-hexane  (2.7  X 10“  7 g/100 
g at  40  °CX  benzene  (2.0  x 10“ 7 g/100  g at  20  °CX  methanol 
(3.6  x I0- 7 g/100  g at  63  °C)  and  dioxane  (7.0  x 10  7 g/100  g 
at  25  °CX 

Oxygen  and  dry  air  do  not  react  with  mercury  appreciably  at 
room  temperature,  but  the  reaction  may  be  greatly  promoted  by 
ultraviolet  radiation.  Ozone  rapidly  attacks  mercury  at  room  tem- 
perature to  give  Hg2  + . 

All  the  halogens  react  directly  with  mercury  at  room  tem- 
perature: mercurous  halides  seem  to  be  formed  first,  followed  by 
mercuric  halides  if  halogen  is  in  excess. 

Air-free  water  below  about  200  °C  does  not  react  chemically 
with  mercury.  Other  elements  that  react  directly  with  mercury, 
especially  on  heating,  include  sulphur,  selenium,  and  tellurium,  on 
the  other  hand,  nitrogen,  phosphorus,  arsenic,  carbon,  silicon,  and 
germanium  do  not  seem  to  combine  with  it.  Dry  halides  such  as 

HX(X  = F.CIX  H jS,  NHj,  PH3,  and  AsH,  do  not  react  with 
mercury  below  about  200  °C.  Some  reaction  with  HBr,  HI.  and 
H2Se  occurs  even  at  room  temperature.  Various  nonmetallic  halides 
react  readily  with  mercury.  Among  oxides,  S02,  SO,,  N2Ot  CO. 
and  C02  are  without  effect  at  room  temperature,  but  N02  reacts 
very  rapidly  to  give  mixtures  of  mercury  (I)  nitrite  and  nitrate  as 
initial  products. 

Dilute  hydrochloric  and  sulphuric  acids  do  not  react  with 
mercury,  but  moderately  concentrated  solutions  (>6/V)  attack  it 
superficially  to  give  a little  mercurous  salt.  Concentrated  hot  H2S04 
dissolves  mercury  to  yield  Hg^SO^,  HgS04,  and  S02,  and  rotnc 
acid  gives  a range  of  products  depending  on  conditions  that  include 
Hg2(N02)2,  Hg(N02X  Hg(NO,)2,  NO,  and  NO,.  Phosphoric 
acid  does  not  react  appreciably. 

Mercury  is  not  attacked  by  alkali,  but  ammonia  solutions  in  air 
rapidly  lead  to  the  production  of  Millon's  base,  Hg2NOH. 

Under  natural  conditions  of  temperature  and  pressure  that 
occur  in  nver  and  lake  water  and  water-saturated  sediment . mercury 
can  be  present  in  one  or  more  of  its  three  different  oxidation  slates. 
The  most  reduced,  in  a chemical  sense,  of  these  forms  is  the  metal, 
which  has  a distinct  tendency  to  vaporize  because  it  is  a liquid  at 
ordinary  temperatures.  The  other  two  forms  are  ionic:  where  the 
average  valence  of  mercury  is  + I , the  more  reduced  of  the  two  tow 
is  the  mercurous  ion  Hg,1*  ; in  oxidizing  conditions,  especially  at 
low  pH,  the  stable  form  is  the  mercuric  ion,  Hg2^  (Hem.  1970) 

Although  chemical  oxidation  reactions  do  not  require  the 
presence  of  oxygen,  it  is  the  most  common  oxidizing  agent  Systems 
in  contact  with  air  tend  to  be  oxidized,  and  in  its  absence  reducing 
conditions  readily  become  established.  In  moderately  oxidizing 
conditions  of  pH  above  5 the  predominant  mercury  specie*  m 
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solution  is  un dissociated  mercury.  Its  solubility,  constant  over  the 
whole  range  of  temperature  where  the  liquid  metal  is  stable,  is  fairly 
low  (25  ppbX  and  the  mercury  ousts  as  Hg°.  This  solubility  value 
represents  the  likely  upper  equilibrium  limit  of  mercury  in  low- 
chlonde  surface  streams  and  lakes. 

Mildly  reducing  conditions,  which  are  likely  to  occur  in  many 
lake  and  sir  cam  bed  sediments,  can  cause  the  mercury  to  be  precipi- 
tated as  cinnabar,  which  has  an  extremely  low  solubility.  In  the  field 
at  neutral  pH,  Hg(HS)2°  aq  and  HgS22_  have  an  equilibrium 
solubility  lower  than  0.002  ppb.  Very  strongly  reducing  conditions, 
however,  may  increase  the  solubility  somewhat  by  converting  the 
mercuric  ion  to  free  metal. 

In  solutions  high  in  chloride  the  solubility  of  mercury  in 
oxygenated  water  may  be  greatly  increased  by  the  formation  of  the 
uncharged  HgCI2  complex,  or  anionic  complexes  such  as  HgCI42 
(Wagjman,  1 969 X 

The  frequent  departure  of  natural  systems  from  equilibrium  is 
well  known  and  must  be  kept  in  mind  when  using  equilibrium 
calculations.  There  are  two  aspects  of  mercury  chemistry  that  are 
particularly  important  sources  of  departure  from  what  is  predicted 
theoretically.  One  of  these  is  the  formation  of  organic  complexes  and 
participation  of  mercury  in  biochemical  processes,  especially  in  the 
production  of  methyl  mercury  by  sedimentary  bacteria  0™*™  and 
Jemelov,  I969X  A secondary  property  of  importance  is  the  tend- 
ency for  mercury  to  participate  in  dismutation  reactions — that  is,  in 
reactions  of  the  type  Hg22  +^Hg°  + Hg  + 2 that  provide  a means 
whereby  mercury  can  be  first  converted  to  the  liquid  form  and  then 
escape  as  vapor. 

Although  there  is  some  understanding  of  the  aqueous  chemistry 
of  mercury,  a considerable  amount  of  basic  research  is  still  needed, 
especially  on  rates  and  mechanisms  of  reaction  and  on  the  behavior 
of  organic  mercury  complexes. 


TOXICOLOGY 

The  onset  of  symptoms  from  mercury  poisoning  in  humans  is 
insidious,  and  the  symptoms,  with  the  exception  of  tremor,  may  often 
be  ignored  or  attributed  to  other  causes  (Bidstrup,  1 964).  This  is 
especially  true  of  a peculiar  emotional  instability  called  erethism, 
which  is  defined  by  irritability,  irrational  outbursts  of  temper, 
acitability,  shyness,  and  sometimes  depression;  such  symptoms  are 
often  just  attributed  to  an  anxiety  state. 

The  classic  signs  of  poisoning  by  mercury  in  the  inorganic  form 
are  gingivitis  and  stomatitis  accompanied  by  excessive  salivation  or  a 
metallic  taste,  burning,  swelling  and  ashy  discoloration  of  the  mouth 
followed  by  intense  thirst  and  abdominal  pain;  erethism;  and  tremor 
(Go  Id  water,  1 95 IX  Vomiting  may  occur,  and  in  some  cases  cir- 
culatory collapse  with  a fatal  outcome  appears  suddenly  and  at  an 
early  stage.  Delayed  effects  on  the  kidneys  or  large  intestine  are 
generally  the  cause  of  death  (Sollman,  I957X  There  is  no  clear 
difference  between  the  acute,  subacute,  and  chronic  forms  except 
that  the  symptoms  develop  more  quickly  and  arc  of  greater  intensity, 
and  generally  the  oral  and  gastrointestinal  symptoms  are  more 
obvious  in  acute  and  subacute  poisoning  (Bidstrup,  I964X  Mer- 


curic chloride  especially  is  irritating  to  the  skin  and  mucous  mem- 
branes. causing  irritation,  vesication,  and  corrosion.  Absorption 
through  the  skin  and  mucous  membranes  may  cause  systemic  poison- 
ing. 

Acrodynia  (so-called  pink  disease)  occurs  in  infants  and  young 
children;  it  is  characterized  by  mental  disturbances,  insomnia, 
sweating,  disordered  sensation  of  the  extremities,  and  peripheral 
vascular  phenomena  and  is  often  fatal.  Strong  evidence  exists  that 
the  absorption  of  mercury  is  the  most  important  cause  of  this  disease, 
although  there  is  confusing  etiology  (Warkany  and  Hubbard, 

I953X 

When  cinnabar,  HgS,  has  been  used  for  the  red  color  in 
tattooing,  mercury  dermatitis  has  been  reported,  and  occasionally  an 
eczematous  rash  has  spread  to  involve  the  entire  body. 

Acute  poisoning  from  metallic  mercury  or  its  vapor  rardy 
occurs  now  and  is  usually  the  result  of  an  accidental  exposure 
(Mattbes  and  others,  I958X  but  historically  it  was  a common 
occurrence  among  men  exposed  to  mercury  in  certain  occupations. 
Hunter  (1955,  p.  256)  quotes  from  Ramazzini  concerning  miners 
and  goldsmiths; 

It  is  from  mercury  mines  that  there  issues  the  most  cnid  bane  of  all  that  deals  death 
and  destruction  to  miners. 

We  all  know  what  terrible  maladies  are  contracted  from  mercury  by  goldsmiths, 
especially  those  employed  m gilding  silver  and  copper  objects.  Hence  craftsmen  of 
this  sort  very  soon  become  subject  to  vertigo,  asthma  and  paralysis.  Very  few  of  them 
reach  ok)  age,  and  even  when  they  dse  young  their  health  is  so  terribly  undermined 
that  they  pray  for  death 

and  also  mirror  makers: 

you  may  see  these  workmen  gazing  with  reluctance  and  scowling  at  the  reflection  of 
their  own  sufferings  in  then  mirrors  and  cursing  the  trade  they  have  adopted. 

Acute  and  subacute  poisoning  among  persons  engaged  in  the 
mining  and  refining  of  mercury  have  been  reported,  but  improve- 
ments in  ventilation  of  mines,  refinery  processes,  and  the  use  of 
personal  protective  measures  have  reduced  the  numbers  and  severity 
' of  poisoning.  Vouk  and  others  (I950X  reporting  on  environmental 
conditions  in  the  Idria  (Yugoslavia)  mercury  mines,  stated  that  there 
were  93  cases  in  1949  and  53  reported  in  the  first  half  of  1950.  In 
Idria  mercury  occurs  both  as  cinnabar  and  in  the  free  form,  and  the 
mining  of  Hg°  is  particularly  hazardous. 

Concentrations  of  mercury  in  the  air  in  pits  where  cinnabar, 
alone  or  with  free  mercury,  is  mined  are  50-59  pg/m3.  Dizon  and 
others  (1960)  investigated  a mercury  mine  in  the  Philippines,  where 
it  is  a relatively  new  industry  and  the  processes  are  highly  mecha- 
nized. The  highest  atmospheric  concentrations  reported  were 
1 00-400  pg/m3  in  the  vicinity  of  the  ore  crushers,  and  6 of  the  1 1 
men  employed  at  the  crushers  had  symptoms  of  mercury  poisoning. 
In  Peru,  Carlin  and  others  (I960)  reported  that  16  out  of  18 
refinery  workers  were  found  to  have  high  mercury  excretion  in  the 
urine  (average  224  pg/LX  and  1 3 had  definite  evidence  of  mercury 
poisoning. 

More  general  problems  of  animal  toxicity  have  been  discussed 
in  detail  in  the  compilations  of  Buhler  (1973)  and  Nnagu  (I979X 
Included  are  behavioral  effects,  cell  and  organ  degeneration,  and 
developmental  abnormalities  in  birds,  terrestrial  vertebrates,  and 
aquatic  marine  forms  from  mammals  to  fish. 
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In  spile  of  the  obvious  role  of  plants  in  primary  life  support,  the 
effect  of  mercury  on  vegetation  has  received  little  more  than  token 
attention  until  recently.  From  the  first  account  of  mercury  intoxica- 
tion of  plants  (Deiman  and  others,  1 797 X the  only  reports  up  to 
1930  were  those  of  Boussingault  (l867a,bX  Harrington  (I9I7X 
and  Le  Van  (I930X  Zimmermann  and  Crocker  (1933,  1934)  and 
Ratsek  (1933)  revived  the  experimental  study  of  mercury  toxicity  in 
conjunction  with  seed  and  greenhouse  problems,  but  they  did  not 
recognize  major  developmental  features  of  mercury  toxicity  and  its 
dependency  on  the  chemical  species  used. 

Typically,  plant-cell  damage  takes  place  with  aqueous  solutions 
containing  as  little  as  10  pg/L  of  Hg  ion  (Siegel,  1977) 

In  contrast,  when  18  species  and  varieties  of  seeds  were 
germinated  in  air  containing  14  pg/L  of  Hg°  vapor  (Siegel  and 
Siegel,  1979a;  Siegel  and  others,  l984aX  root  growth  was  stimu- 
lated in  4 species,  inhibited  by  25  percent  or  less  in  6,  and  did  not 
exceed  50  percent  inhibition  m the  8 remaining  species.  Shoot 
growth  was  even  less  adversely  affected;  only  4 species  were  ^ 
inhibited  by  more  than  25  percent. 

Of  castor  bean  seedlings  20  days  old  in  air  containing  0.05  . 
pg/L  of  Hg°,  only  14  percent  lost  their  leaves,  and  none  showed  ' 
zones  of  discoloration  or  morbidity  after  seven  days.  Coleus  seed- 
lings of  the  same  age  were  even  less  affected . However,  mature  plants 
of  both  species  after  seven  days  in  air  containing  0.05  pg/L  of  Hg°,  , 
lose  50-90  percent  of  their  leaves.  In  terms  of  toxic  thresholds,  , 
mature  plants  are  approximately  300  times  more  sensitive  to  mercury 
than  seedlings. 

At  the  concentration  of  0.05  pg/L  HgCI2  vapor  has  essen- 
tially no  toxic  effect  on  seedlings  or  mature  plants. 

The  principal  toxic  effect  of  Hg°  seems  to  be  an  acceleration  of 
the  aging  process  mediated  by  induction  of  the  plant  stress  hormone 
ethylene  (Siegel  and  others,  1973b;  Goren  and  Siegel.  I976X 

MERCURY  IN  HAWAII 

DISCOVERY 

Mercury  m Hawaii  was  first  found  in  stream  sediments  on  the 
Island  of  Oahu  and  later  in  the  air  (Siegel  and  others,  1973bX  To 
determine  the  source  of  this  mercury,  widespread  monitoring,  sam 
pling,  and  analyses  were  carried  out.  Air  mercury  levels  on  Oahu 
were  found  to  be  highest  in  the  southeastern  part  of  the  island  and 
lowest  at  sites  facing  the  northeast  tradewinds;  this  indicated  that  the 
primary  source  was  the  thermally  active  Island  of  Hawaii  (Eshleman 
and  others,  1 97 IX  The  verification  of  volcanic-fumarolic  mercury 
sources  in  1970-71  led  in  turn  to  a program  of  study  that  has 
continued  to  the  present.  The  main  focus  has  been  the  active  volcanic 
areas  of  Hawaii,  but  the  studies  have  also  included  Iceland,  Alaska, 
New  Zealand,  and  Antarctica. 

The  sources  of  mercury  on  Oahu,  with  its  long -dormant  (or 
extinct)  volcanoes  Kaala  and  Waianar  (Macdonald  and  Abbott, 
I970X  have  provided  us  with  opportunities  for  research  involving 
residual  mercury,  mercury  transport,  and  biological  compartments. 
These  subjects  will  be  discussed  later. 


PRIMARY  SOURCES  AND  SPECIATION 

There  are  two  active  centers  of  gas  emission  on  the  Island  of 
Hawaii — the  volcanoes  Kilauea  and  Mauna  Loa.  Kilauea  and  the 
thermal  features  of  the  east  rift  zone  have  been  studied  extensively; 
the  Mauna  Loa  summit  caldera,  Mokuaweoweo,  has  also  been 
sampled,  but  emissions  during  flank  eruption  have  only  been  mea 
sured  for  mercury  during  March  1984.  The  most  commonly  studied 
sites  on  Kilauea  have  been  Halemaumau  (the  main  vent)  and  the 
Sulphur  Bank  fumaroles,  first  sampled  in  1970  (Siegel  and  Siegel, 
1980,  1984aX 

In  our  ongoing  studies,  air  samples  have  been  regularly  col- 
lected m nitric  acid/pyrex-fiberglass  impingers  at  flow  rates  of  1-2 
L/min  for  periods  of  4-7  h,  thus  assuring  a gas  volume  of  at  least 
240  L (0.24  m3X  Samples  have  been  analyzed  by  flameless  atomic 
absorption  (Eshleman  and  others,  1971;  Siegel  and  Siegd,  1978. 
1979;  Siegd  and  others,  I985X  Parallel  sampling  was  also  earned 
out  by  drawing  air  through  gold -foil  traps,  which  were  subsequently 
stnpped  of  mercury  in  nitric  acid.  Millipore  filters  were  used  to  trap 
particles  with  diameters  larger  than  0.22  pm.  The  mtnc  acid  traps 
collect  total  mercury;  the  gold  foil  collects  Hg°  only  and  millipore 
filters  insoluble  HgS  (cinnabar X Cinnabar  was  verified  by  solubility 
in  aqua  regia  and  insolubility  in  cold  nitric  add.  Any  difference 
observed  between  total  mercury  and  particulate  mercury  plus  Hg°  is 
considered  to  be  HgX2,  presumably  a mixed  halide  (Cadle.  I975X 
but  mainly  the  chloride. 

Another  approach  to  air  sampling  is  fallout  measurement  or 
deposition  (Siegd  and  Siegd,  1 977).  Here  copper  foil,  which 
reduces  Hg2  + , and  gold  foil,  which  amalgamates  Hg°,  are  used  to 
distinguish  the  mercury  species. 

We  assume  that  copper  foil  collects  both  Hg°  and  Hg2  * , 
hence  the  amount  of  mercury  trapped  on  gold  foil  subtracted  from 
the  amount  of  mercury  on  copper  foil  yields  a value  for  Hg2  * . This 
calculation  is  valid  only  if  the  HgS  particulate  fraction  is  negligible 

The  average  total  mercury  concentration  in  the  open  air  2 m 
above  the  ground  (at  right  angles  to  the  slope)  at  Sulphur  Bank 
ranged  from  2,700  to  40,600  ng/m3  through  1977,  but  in  subse- 
quent years  exceeded  1 ,000  ng/m3  only  during  January- February 
1982,  at  the  start  of  the  current  Puu  Oo  eruption  series  (fig.  35. 1 : 
table  35.  IX  The  Halemaumau  vent  of  Kilauea  (fig.  35.1,  table 
35.2)  has  also  been  highly  productive,  behaving  similarly  to  Sulphur 
Bank  in  eruptive  and  quiescent  periods.  Overall,  it  would  appear 
that  the  normal  value  for  mercury  in  air  in  the  Kilauea  summit  area 
ranges  from  400  to  1 ,000  ng/m3.  Similar  values  are  seen  along  the 
approach  to  Kilauea  caldera  from  the  northeast  (as  seen  in  the  500- 
to  1 ,000-m  transects  along  the  volcano  highway;  fig.  35. 2X  For  the 
period  1971-78,  the  average  mercury  value  in  the  immediate 
vicinity  of  the  caldera  lies  between  400  and  1 ,400  ng/m3,  but  it  falls 
off  dramatically  to  the  northeast  into  the  tradewinds. 

Air  samples  taken  al  Royal  Gardens  during  the  Kaiahia  rift 
eruption  of  1977  show  the  mercury  level  nsing  suddenly  from  a 
putative  baseline  (June— July)  of  about  300  ng/m3  to  200,000  ng 
m3  (200  jig/m3)  or  more  by  September  15,  then  dropping  pre- 
cipitously after  the  foun taming  and  tremor  ended  in  October  (Siegel 
and  Siegel,  I978X 
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TABLE  35. 1 . — Mercury  concenfadion  m av  at  the  Sulphur  Bank  fumamUs 
Kilauea  Volcano.  1971-1980 

(i  d.,  standard  deviation;  part.,  particulates] 


Number  of 
sample* 

Total  mercury 

Mercury  specie*  (percent) 

Year 

lag' ns1) 

i±  s.d.) 

Hj* 

H* 

lpaet.1 

HgX, 

1971 

26 

28,400*  1 1,000 

69 

1 

30 

1972 

27 

3,700 1 520 

24 

13 

63 

1973 

10 

4,900  - 640 

62 

2 

36 

1974 

9 

4,500  * 660 

71 

<1 

29 

1975 

17 

2, 700  390 

44 

<1 

56 

1976 

24 

8,600  - 1.200 

32 

<1 

68 

1977 

*8 

40,600  - 4.680 

28 

<1 

72 

1978 

26 

500  * 70 

10 

5 

85 

1979 

29 

880  - 95 

60 

1 

39 

1980 

29 

500=  85 

59 

<1 

41 

241  (total) 

9428=  1,464  (avg) 

45.9  (avg) 

M <•*») 

51.9  (tvg) 

In  all  the  measurements  of  mercury  concentration  in  air,  there 
appears  a consistent  downward  trend  by  as  much  as  95  percent  after 
about  1978.  This  trend  downward  may  even  apply  to  Mauna  Loa 
mercury  output,  although  the  sample  data  are  limited. 

It  is  clear  from  the  record,  however,  that  Kilauea s mercury 
output  since  1977  has  not  approached  that  of  the  Kalalua  rift 
emissions,  in  spite  of  the  far  greater  output  of  fluids  and  gases  since 
January  1983.  This  leads  to  the  provocative  question  of  whether  the 
mercury  output  of  Hawaiian  volcanoes  is  really  declining.  If  so,  is  j 
this  phenomenon  a long-term  downtrend  or  merely  the  downward  ! 


I limb  of  a cyclical  process?  Either  alternative  poses  interesting 
| challenges  for  interpretation. 

With  few  exceptions,  particulate  mercury  has  not  been  found  in 
samples  of  the  air  around  Kilauea,  even  during  periods  of  eruptive 
activity  (table  35. 1 )l  The  10-year  average  of  particulate  mercury  is 
| 2.2  percent  of  the  total,  but  commonly  less  than  1 percent  of  the 
total  mercury  was  found  on  the  filters. 

The  wide  variation  in  Hg°  and  HgX2  content  of  air  samples 
was  unexpected — Hg°  ranged  from  10-71  percent  of  the  total  at 
Sulphur  Bank  (Siegel  and  Siegel,  1 979bX  This  was  also  seen  in 
fallout  data  from  the  same  location  (Siegel  and  Siegel,  1977): 


Dm* 

Hrf» 

(ante*) 

H«Xj 

tWHgX, 

1972  Jamsmr 

80±9 

377  ±44 

0.2! 

April 

300±  31 

1.220  - 369 

.25 

1975  May 

250±  31 

540±60 

.46 

Dec  ember 

438-48 

42  ±7 

10.43 

1976  May 

575  ±66 

250  ±27 

2.30 

1 19-22 

612-  12 

.20 

On  the  other  hand,  concurrent  fallout  samples  taken  on  Oahu, 
about  400  km  northwest  of  Kilauea,  always  yielded  far  less  total 
mercury  (about  10  percent  of  that  detected  near  Kilauea)  and  mostly 
as  Hg°.  At  Halemaumau,  Hg°  accounted  for  15-21  percent  of  the 
total  mercury  released,  but  on  the  floor  of  Kilauea,  at  the  very  active 


1.000.000 


5 io.ooo 


1000 


Figure  35. 1 . — Mercury  emus  ran  record  for  Kj  Laura  at  ( ialemaunsau  main  vetil,  the  nearby  Sul|>hur  Bank  fumaxolrs,*nd  south  at  rail  nft  at  Royal  Gardena.  1977-1984. 
Three  events  noted:  major  Kalalua  nft  eruption  lasting  nearly  one  month,  one-day  Pauahi  Crater  eruption  of  1979;  and  exceptionally  prolonged  nft  erupt  ton  at  Puu  Oo, 
beginning  January  1983,  through  its  27th  episode.  Note  that  the  ordinate  scale  n logarithmic. 
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TaBLE  35.2. — Measurements  of  mercury  in  air  at  uvious  locations  on  Kilauea 
and  Mama  Loa  Volcanoes 
(See  also  Gunner*.  1979) 


Sm« 

Sampling 

period 

Total 

mercury 

<ng/a») 

Hi* 

(percent) 

Kilauea  Volcano 

Halemaumau 

1971  August 

40,500 

16 

1977  August 

48,100 

21 

1978  August 

1,400 

15 

Caldera  flour 

1971  Assure 

1978  August 

79,900 

3,600 

1 

1981  August 

2 

1974  Assure 

1978  August 

29,800 

2 

1981  August 

1,900 

5 

Kalalua  rift 

1977  August 

1,200 

22 

1977  September 

>200,000 

50 

1977  October 

18,500 

58 

1977  November 

500 

80 

Puhimau  thermal  area 

1978  January 

5.800 

72 

1978  August 

12,200 

49 

1981  January 

930 

56 

Mauna  I .ns  Volcano 

Mnlcuawroweo  caldera 

1978  July 

24,600 

35 

Upper  rift 

1984  March 

4,850 

— 

1971  and  1974  fissure  the  Hg°  fraction  fell  to  only  1-5  percent  of 
the  total  emitted.  During  the  1977  eruption,  the  Hg°  fraction  rose 
from  its  minimum  of  22  percent  to  a peak  at  80  percent  after  the 
active  phase  ended. 


Mercury  is,  of  course,  a minor  constituent  of  volcanic  and 
fumarolic  gas  emissions,  wet  or  dry.  It  is  accompanied  by  H^, 
S02,  and  C02  (Siegel  and  Siegel,  1979b,  1980).  An  exception  is 
the  Puhimau  thermal  dieback  area,  where  sulfur  in  any  form  has  only 
been  detected  in  the  parts  per  billion  range  (Phelps  and  others. 
I979X  This  area  formed  in  1938-9  after  an  earthquake  and 
magma  shifting  brought  heat  near  the  surface,  causing  several  acres 
of  forest  to  die;  the  ground  temperature  5 cm  below  the  surface  here 
averages  97  °C. 

At  Halemaumau,  measurements  during  1971-78  gave  mole 
ratios  of  590  for  H^,  6,300  for  S02,  and  2.I0X  I06  for  C02 
(table  35.3)l  Obviously,  sulfur-mercury  relations  are  highly  varied, 
even  within  a single  volcanic  system,  and  are  highly  site  dependent. 
It  is,  therefore,  of  special  interest  to  note  that  the  ratio  C02/Hg  is 
nearly  constant  at  Kilauea;  individual  measurements  do  differ  some- 
what, however,  and  data  from  other  locations  such  as  Mount  St. 
Helens  are  distinctly  different. 

Lava  flows  constitute  another  source  of  mercury.  Weathering 
brings  about  the  slow  release  of  soluble  or  solubilized  constituents  as 
the  igneous  materials  degrade  into  soil  minerals.  Lava  samples  were 
analyzed  by  digestion  of  100-mesh  powder  with  0. IN  HQ  to 
remove  soluble  and  loosely  bound  mercury.  This  was  followed  by  hot 
2 N HNOj  digestion  to  remove  any  mercury  complex  with  organic 
ligands,  and  then  concentrated  HF  to  destroy  the  silicate  matrix 


FlCURE  35-2- — Average  atmospheric  mertury  concentration  along  volcano  highway  from  Kilauea  caldera  (KC)  northeast  lo  the  Village  al  Keaau  North  h indicated  at 
three  villages.  Highway  is  plotted  as  straight  line  perpendicular  to  transects  1 — 18. 
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Table  35.3-  — Relation*  between  mercury  and  other  gaseous  amiutaru  d thermal  tiki 
[*d  . standard  deviation;  n d. , not  determined) 


Thermal  hu 

Number  of 
sample* 

Sun  pi  ua* 
dale 

Flu 

(tou.’yr) 

Plume 

(l»mol''m>) 

H,SHi 

Stale  ratio* 
SOjHg 

<CO,  H*ll0  * 

Kilauea  Volcano 

Halemaumau 

86 

1971-80 

260 

0.054-0.014 

590 

6.300 

3,050 

2.10 

Sulphur  Bank 

II 

1976-78 



.012-0.083 

3.700 

2.75 

1971  Futuire 

8 

1977-78 



.396-0.055 

0 

239 

2.75 

1974  Future 

8 

1977-78 



.146-0.016 

0 

% 

2.19 

Puhunau  Thermal 

10 

1976-78 

— 

.026  z 0.005 

0 

0 

3.66 

Mount  St  Helens 

5 

19*0 

365 

.005  * 0.002 

— 

2,750 

.013 

Goata  Rica 

Fumarok  Poas 

1980  - 82 

52 

— 

— 

1,030,000 

— 

Vxjlcan  Arenas 

1980-82 

32 

— 

— 

5,000 

— 

(Siegel  and  others,  1975).  Samples  from  flows  of  1840,  1923, and 
1955  were  obtained  with  the  assistance  of  the  late  Gordon  Mac- 
donald; fresh  Pauahi  samples  were  collected  m 1979.  The  results 
(below)  suggest  a 50  percent  release  in  about  50  years  and  a 
gradual  infiltration  of  oxidizable,  presumably  humic,  completing 
substrates. 


VmWS. 

HG  tnanmUai 

It  ha  m la<ra 

HO  mM* 

UNO,  »Ur 

HFdwn* 

1840 

5 

81 

45 

1923 

16 

66 

310 

1955 

10 

59 

970 

1979 

0 

15 

1.290 

If  KUauea  lava  typically  cools  with  about  1.000  p.g/kg  of 
mercury  and  proceeds  to  release  90  percent,  then  this  still  constitutes 
only  a minor  source  of  the  element.  The  1840  eruption  produced 
about  400  X I06  m’  of  lava  weighing  perhaps  16  X I09  kg.  Thus, 
this  lava  contained  a total  of  1 6 X 1 06  g (16  tons)  of  mercury,  of 
which  about  14  tons  was  released  in  about  a century.  In  contrast. 
Halemaumau  yields  260  tons  annually  when  it  is  not  erupting  (Siegel 
and  Siegel.  1984a) 

Of  course,  the  impact  of  a small  though  continuous  and 
localized  release  of  mercury  cannot  be  discounted  as  a possible 
selection  factor  for  mercury  tolerance  in  the  endemic  vegetation  of 
Hawaii.  It  is  clear,  as  we  show  below,  that  plants  m volcanic  areas 
can  become  well  adapted  to  life  in  mercuric  environments.  Also, 
Hg°  slowly  released  by  lava  at  ground  level  will,  like  any  heavy  gas, 
tend  to  accumulate  in  enclosed  pockets  and  depressions  and  form 
areas  of  local  concentration. 

At  the  end  of  the  weathering  process,  some  mercury  remains  in 
the  days  and  derivative  soils.  In  areas  of  heavy  precipitation,  such  as 
the  Sulphur  Bank,  acid  red  clays  are  common  and  contain  no  readily 
soluble  mercury,  but  when  they  are  heated  in  closed  vessels,  their 
mercury  output  can  be  collected  on  gold  foil  and  measured. 

The  following  data  on  mercury  release  from  Sulphur  Bank  soil 
were  obtained  in  this  way: 


T(*C)  Rw  <'•1(10 


25 

0254 

70 

5 67 

120 

68  1 

Using  this  kind  of  data  and  the  Arrhenius  equation,  we  have 
calculated  an  apparent  heat  of  activation  of  13.81  kcal/mole  (Siegel 
and  Siegel,  1983)  This  value  compares  well  with  the  molar  heat  of 
vaporization  calculated  similarly  from  CRC  Handbook  vapor- 
pressure  data.  Thus  atmospheric  mercury  released  from  soils 
directly  may  have  been  held  entirely  as  Hg°. 


DISPERSAL 

The  northeast  tradewmds  with  velocity  of  20-40  km/h  con- 
stitute a major  and  well-known  determinant  of  donate  in  Hawaii. 
However,  the  assumption  that  these  winds  continually  cleanse  the 
atmosphere  of  pollutants,  conveniently  displacing  them  to  the  south- 
west. is  not  borne  out  by  experience.  During  the  1977  eruption, 
with  tradewinds  normal,  measurements  were  made  on  samples  of  air 
from  30  m above  ground  level  at  a station  on  Oahu  about  400  km 
northwest  of  Kilauea.  The  mercury  content  rose  from  40  ng/m*  to 
160  ng/mJ  in  only  30  hours  after  the  first  fountaining  at  Kalalua 
(Siegel  and  Siegel,  1978)  The  mercury  released  along  the  rift  and 
at  Halemaumau  traveled  no  less  than  1 3 km/h  in  a direction  about 
90°  to  the  tradewind  vector.  Increases  in  atmospheric  turbidity  1-3 
days  after  the  onset  of  fountaining  m a volcanic  eruption  have  often 
been  observed,  not  only  in  Honolulu,  but  also  on  the  west  side  of  the 
Island  of  Kauai. 

The  tradewind  air  masses  move  southwestward  across  the 
North  Pacific  and  then  encounter  the  high  relief  and  rough  terrain  of 
the  Island  of  Hawaii,  where  they  become  turbulent.  Furthermore, 
the  major  sources  of  emission  extend  from  the  tradewind  zone 
upward  into  air  masses  moving  in  other  directions.  During  the  final 
stages  of  the  1977  eruption,  mercury  in  the  air  showed  a rapid 
dropoff  above  the  Kalalua  rift  to  an  asymptotic  value  of  about  1 ,000 
, ng/m3  at  elevations  of  1 ,200-2,500  m (fig.  35.3)  Mercury  at  these 
higher  elevations  was  over  90  percent  Hg°.  This  observation  agrees 
with  the  fallout  data  discussed  above  that  showed  the  proportion  of 
Hg°  in  total  mercury  was  higher  on  Oahu  (sea  level)  than  at  the 
Sulphur  Bank  when  samples  collected  at  the  same  time  were 
compared  (Siegel  and  Siegel,  1977)  The  comparison  of  the  Hg0/ 
HgX2  ratio  at  the  two  locations  is  as  follows: 

January  1972  May  >975  June  1976 

Hawaii  0.212  0.463  0.195 

Oak.  2.86  3.16  3.31 
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It  must  also  be  recalled  that  the  Mauna  Loa  caldera  con- 
tinually fumes  at  an  elevation  of  about  4,500  m,  and  numerous 
fissures  are  always  injecting  hot  mercuriferous  gas  into  an  often 
turbulent  atmosphere.  The  gas  column  is  subject  in  its  dispersal  to  a 
variety  of  wind  vectors,  including  some  that  carry  the  mercury 
northward  and  downward  as  it  cools.  These  may  account  largely  for 
the  distribution  of  mercury  on  Oahu  (fig.  35.4;  see  also,  Siegel  and 
Siegel,  1980),  where  higher  values  occur  to  the  south  and  west.  The 


HEIGHT  ABOVE  GROUND.  IN  METERS 

Figure  35.3. — Vertical  distribution  at  jtmospbmc  mercury  ovrt  the  K«Lal*u 
fuMires  during  the  1977  eruption.  Dili  obtained  using  dual-trap  method:  nitric - 
add  impirtgrr  and  gold  foil.  A,  Concentration  from  ground  level  lo  height  of  2,500 
m.  B.  Percentage  of  Hg°  in  total  mercury. 


tssw 


Figure  354. — Distribution  of  stinospbersc  mercury  (m  ngm  *)  around  Oahu  at  2 
on  above  ground.  Figures  are  means  of  samples  taken  1971-78. 


same  is  true  of  the  Island  of  Kauai.  Residual  thermal  activity  on 
Maui,  however,  tends  to  obscure  the  direct  impact  that  the  Island  of 
Hawaii’s  volcanic  activity  may  have  on  its  mercury  distribution,  and 
anomalies  are  often  related  to  anthropogenic  pollution - 

GEOBOTANY  AND  BIOGEOCHEMISTRY 

One  factor  relating  to  dispersal  of  mercury  in  Hawaii  remains 
to  be  considered,  however,  and  that  is  the  role  of  vegetation  in  its 
cycling  and  dispersal.  For  example,  toward  the  back  of  the  Palolo 
Valley  (Honolulu)  the  old,  weathered  soils  contain  little  mercury, 
only  15x3  p.g/kg  (Siegel  and  others,  1975X  yet  the  two  grass 
species  growing  in  that  soil  ( Digitaria  and  Andropogon)  contain 
much  more  (68  ± 8 and  79  ± 1 1 p.g/kg,  respectively)  When  these 
grasses  die,  their  decaying  residues  retain  most  of  the  mercury 
(56  ±6  pig/kgX  which  is  then  taken  in  by  soil  invertebrates,  the 
earthworm  Lumbricus  (388  ±21  fig/Vg)  and  the  millipedes  Trig- 
onialis  (467  ±21 ) and  Oxydus  (382  ± I2X  In  this  simple  example, 
the  earthworm  to  soil  mercury  ratio  is  about  31. 

All  of  the  aquatic  plants  that  we  have  encountered  accumulate 
mercury  (Siegel  and  others,  1973b,  1975,  1984b,  1985;  Siegel  and 
Siegel,  1982,  |984bX  usually  with  sizeable  enrichment  (table 
35. 4X  The  same  is  true  for  marine  animals  including  fish,  but  not 
limited  to  vertebrates.  High  ratios  are  in  part  a consequence  of  the 
low  mercury  concentrations  found  in  natural  (nonindustrial)  waters. 
Near  black  sand  (basaltic)  beaches  in  Hawaii,  the  highest  mercury 
levels  yet  found  reach  2-3  p. g/L. 

Many  terrestrial  plants  also  accumulate  mercury,  but  nearly 
300  samples  from  four  widely  separated  areas  (table  35.5)  show  a 
dear  bimodality  in  the  concentration  ratio.  Overall,  55-77  percent 
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Tabix  35.4.  — Mercury  accumulation  in  marine  oryarusms 


Sample 

Cottcat  io  ofganiun 
i*«  k« 

Concentmioo  ratio 
i organism 1 water  > 

Algae 

Hawaii 

Vhm 

40-200 

25-145 

Padsmi 

140-185 

65-88 

Sarfoinm 

26-46 

12-23 

Iceland 

Uhm 

106 

1.060 

Mattypcladus 

380 

3.800 

Antarctica 

Viva 

1 .5-3.1 

8-16 

F»h 

Hawaii 

Martin 

•500 

>250 

TUna 

220-1,370 

1 10-685 

Iceland 

Tuna 

2*7 

2^70 

Ant  ir  atcr 
Cod 

36 

200 

TABLE  35.5. — Distribution  of  mercury  torn entrtiiort  robot  in  vascular  plants  at 
uanious  localities 

(Figures  in  percent  of  specie*;  number  af  species  sampled  given  beneath  each 
locality  name;  after  Siegel  and  others,  1975] 


TABLE  35.6. — Rates  of  elemental  mercury  release  from  various  vascular  pLmb 

(Uncertainty  fttuita  are  one  standard  deviation;  after  Kama  and  Siegel.  1980; 
Siegel  and  others,  1980;  Sicgd  and  Siegel,  1983] 


Vascular  plant 

Rate 

(ortS-m) 

Plant 

Rate 

(ag/kg-m) 

Aloe 

850  * 50 

Lichens 

Pineapple 

820  * 30 

Vasea 

660  190 

Coconut 

240-90 

Cladoma 

120*30 

Nutgram 

340*45 

840*91 

Staghorn  fern 

730  * 45 

Mosses 

Hibucut 

490*45 

Ltucobryum 

30=215 

Imcotuo 

3,050  * 300 

Bryson 

400-50 

Pm  Jan  us 

1,590  s 390 

I'olytncksom 

400*  160 

Avocadu 

4.130*220 

Fungi 

Man grove 

100  t 40 

PoJyporus 

1400*105 

Sugarcane 

650  * 40 

homes 

2,430*  1200 

Papyrus 

700*49 

Trametes 

950  * 480 

Most  of  these  studies  on  release  of  Hg°  from  plants  have 
emphasized  Hawaiian  species  and  the  Hawaiian  environment. 
However,  the  New  Zealand  manuka,  Leptospermum  scoparium, 
also  appears  to  release  mercury  adaptively,  keeping  levels  in  tissue 
down  and  delaying  or  preventing  toxic  buildup  (fig.  35.6)  As  soil 


Mercury 
coexrot  radon 
ratio 

’Ipiaati'toall 

Iceland 

(79) 

Hawaii 

(l#5) 

New  Ea(  Land 

1381 

Alaska 

(66) 

<0.1 

13 

14 

32 

30 

.1  -0.67 

10 

22 

10 

0 

67-1.33 

0 

8 

0 

5 

1.33-2.0 

14 

4 

18 

10 

>2 

63 

54 

40 

55 

of  all  the  plants  studied  contained  at  least  1.33  times  as  much 
mercury  as  the  soil  around  their  roots,  but  23-42  percent  of  the 
plants  from  the  four  locations  contained  less  mercury  than  the  soil  in 
which  they  were  growing. 

Although  it  may  seem  reasonable  to  hypothesize  a mechanism 
whereby  plants  exclude  mercury,  there  are  too  many  essential 
nutrient  cations  similar  in  charge  and  size  to  Hg2  + , among  them, 
Ca2*  and  Fe2*,  that  could  not  be  biologically  distinguished.  It  is 
difficult  to  construct  an  energetically  and  structurally  sound  model 
that  can  include  Hg2  * with  virtually  absolute  selectivity.  An 
alternate  mechanism,  however,  was  suggested  when  we  found  that 
mercury  concentrations  m air  at  Sulphur  Bank  were  not  determined 
by  inorganic  processes  alone.  I lius,  an  Arrhenius  plot  based  on  air 
samples  taken  at  one  meter  over  the  vegetation  on  the  flats,  about 
100  m from  the  fumaroles,  shows  that  there  are  two  slopes  (fig. 
35. 5X  implying  two  limiting  processes  or  mechanisms.  The  higher 
temperature  process  (>20  °C)  has  a slope  parallel  to  the  vapor- 
pressure  line,  but  at  lower  temperatures  mercury  in  air  is  limited  by  a 
process  other  than  evaporation,  possibly  biological  in  nature. 

This  surmise  has  been  verified  experimentally  in  more  than  50 
species  of  plants  (Kama  and  Siegel,  I960;  Siegel  and  others, 
1980a;  Siegel  and  Siegel.  1983).  Examples  of  terrestrial  Hg° 
producers  include  leaves  of  pineapple,  sugar  cane,  ferns,  mosses, 
lichens,  and  mushrooms  (table  35.6) 

This  process  that  may  be  called  biovolatilization  is  not  unique 
to  land  species;  the  unicellular  green  alga  CMortUa  has  been  shown 
to  possess  a photosynthetic  reduction  system  that  generates  Hg° 
vapor  (Ben-Bassat  and  Meyer,  1975,  1977) 


RECIPROCAL  OF  TEMPERATURE, 

IN  THOUSANDS  PER  KELVIN  11000/K) 


FlOURE  35.5.* — Variation  of  atmospheric  mercury  concentration  with  air  tem 
peraturr  over  the  vegetation  near  Sulphur  Bank  fumarolrt.  Data  are  presented  as 
Arrhenius  plot  Dathed  curve,  held  data,  dot*  and  solid  lave,  vapor  pressure  data. 
See  toil  for  discussion. 
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mercury  rises  approximately  30-fold  from  nonthermal  Wellington  to 
the  Hell  Gate  thermal  area,  manuka  shoots  increase  in  mercury  less 
than  5 -fold.  The  detoxification  mechanism,  however,  has  increased 
the  Hg°  release  rate  by  a factor  of  9. 

Presumably,  Hg2  * is  taken  up  from  soil  and  ground  water  and 
translocated  rapidly  into  the  leaves,  where  reduction  is  followed  by 
evaporative  release.  In  a number  of  leguminous  species  growing  in 
Hawaiian  soils,  it  has  been  shown  that  mercury  in  seeds  is  selectively 
eliminated  during  the  ripening  process,  thereby  reducing  the  con- 
centration below  that  at  which  cytological  damage  to  the  embryo 
may  take  place  (Ramel,  1969;  Siegel  and  Siegel,  1983). 

Re-emission  of  Hg°  may  be  followed  by  its  direct  uptake  by 
nearby  plants  with  or  without  toxic  consequences  according  to 
species  and  concentration  (Siegel  and  others,  1973a;  Siegel  and 
Siegel,  1979a).  Accordingly,  mercury  as  Hg2*  or  its  complexes 
may  be  taken  up  from  soil  or  ground  water  and  converted  to  Hg°  for 
subsequent  release  and,  perhaps,  re-uptake. 


STOKES  lAKE  HATEPf  LAKE  GARDEN  HEU 

VALLEY,  ROTQITI  Mill,  ROTORUA,  HOLM  GATE 

WELLINGTON  S.  TAUPO  SlARj*  HOSPITAI. 

POINT  ROTORUA 


FlCURI.  35.6.  — Retailor*  between  mercury  conlent  of  New  ZV^Und  *o«l»  and 
plant*  and  rale*  of  Hg°  emmion  by  /.epfnipcmtum  *(  rtpamim 


Such  recycling  processes  in  local  areas  may  well  lead  to  diffuse 
patterns  of  mercury  distribution.  This  has  been  noted  m the  lower 
Puna  district,  the  eastern  portion  of  the  Island  of  Hawaii,  site  of  the 
Kilauea  east  rift  zone.  Mercury  levels  in  the  leaves  of  the  native 
forest  tree  ohia,  Mctrosideros  collina  var.  polymorpha,  follow 
approximately  the  mercury  levels  along  the  east  rift  zone,  as  does  the 
mercury  content  of  the  soil  in  which  the  trees  grow  (figs.  35.7, 
35.8X  In  contrast,  the  distribution  of  mercury  in  air  (fig.  35.9) 
shows  far  more  sharply  defined  areas  of  concentration  than  the 
mercury  content  of  either  plant  or  soil.  This  seems  to  imply  the  direct 
degassing  process  along  the  rift  zone  proceeds  substantially  faster 
than  the  release  from  soils  and  plants. 

Biological  release  of  Hg°  is  obviously  a regulated  process  and 
it  differs  mechanistically  from  simple  vaporization.  Our  data  show 
that  simple  vaporization  does  occur  in  the  soil;  however,  soil  docs  not 
begin  to  release  mercury  until  a concentration  of  about  25  p,g/kg 
(ppb)  is  attained  (hg.  35. 10)  It  is.  in  any  case,  clear  that  the  impact 
of  the  ecosystem  on  mercury  cycling  is  as  great  as  the  unpact  of 
natural  mercury  emission  on  vegetation  and  the  ecosystem,  though 
they  are  of  a different  character. 


IS4*SC 


0 1 11  « i ULMNURS 


FIGURE  35.7.— Mercury  content  of  obi*  leave*  ( Me Cmudcrm ) FjuI  Puna 
Dirtnct,  Hawaii.  Sampled  area*  delimited  by  C low'd  line*;  other  area*  not  tampied 
became  of  poor  arret*  or  other  limitation*.  Sample*  collected  between  1975  and 
1902.  excluding  period*  of  heavy  ram*,  tlrong  wind*,  and  volcanic  eruption*. 
Midrange  value*  of  67  114  ppb  rrpre*enl  one  standard  error  on  either  udr  of  the 
mean  for  entire  l\ina  rnllrrtmn. 
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Figure  35.9. — Atmospheric  mercury  content  m East  Pima  District,  Hawaii, 
Sample  areas  delimited  by  closed  lines;  other  areas  not  sampled  because  of  poor 
access  or  other  limitations.  Midrange  values  of  96-191  ng'm1  represent  one 
standard  erTor  on  either  side  of  the  mean  for  entire  East  Puna  collection.  Samples 
collected  between  1975  and  1982.  excluding  periods  of  heas-y  rams,  strong  winds, 
and  volcanic  eruptions  Triangles,  volcanic  cones  and  vents,  squares  and  rectangles, 
villagrs;  dashed  lines,  roads;  numbers  in  circles  identify  highways;  HGP-A, 
Hawau  Geothermal  Project — Abbott. 
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